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ABSTRACT 
 
 
 
  MIMO (Multiple Input Multiple Output) technology has been presented to 
significantly increase the wireless channel capacity and reliability without requiring 
additional radio spectrum or power. In MIMO systems, multiple antennas are 
mounted at both the transmitter and the receiver. When this technology is employed 
for a compact wireless terminal, one of the most challenging tasks is to reduce the 
high mutual coupling between closely placed antenna array elements. The high 
mutual coupling produces high correlation between antenna elements and affects the 
channel capacity of MIMO system. The objectives of this thesis are to design practical 
miniaturized structures to reduce high mutual coupling for small wireless terminals. 
The research is conducted in the following areas. 
 
  Initially, a PIFA design and two-element PIFA array are proposed and optimized to 
operate at 1.9GHz. A pair of two coupled quarter-wavelength linear slits is inserted in 
a compact ground plane, resulting in significant reduction of the mutual coupling 
across antenna operating frequency band. In order to take up less space on the ground 
plane, instead of the linear slits, miniaturized convoluted slits are implemented 
between the two closely placed PIFAs. Although the convoluted slits have small area 
and are positioned close to the edges of the ground plane, the miniaturized convoluted 
slit structures achieve a reduction of mutual coupling between antenna elements and 
succeed in reducing the effect of the human body (head and hand) to the antennas. 
 
  In order to further reduce the size of the slits etched on the compact ground plane, a 
novel double-layer slit-patch EBG structure is proposed. It consists of a two-layer 
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structure including conducting patches and aperture slits placed on either side of a 
very thin dielectric layer. They are placed in very close proximity to each other 
(55μm). A two-element printed CPW-fed monopole array operating around 2.46GHz 
and a two-element UWB planar monopole array operating from 3GHz to 6GHz have 
been employed to investigate the proposed slit-patch EBG structures. The optimised 
double-layer slit-patch EBG structure yields a significant reduction of the mutual 
coupling and produces the maximum miniaturization of antenna array. Another novel 
convoluted slit-patch EBG structure has been presented to reduce the mutual coupling 
between two PIFAs operating at 1.9GHz. These results demonstrate that the slit-patch 
EBG structure is a feasible technology to reduce the mutual coupling between 
multiple antennas for compact wireless terminals. 
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Chapter 1 
 
Introduction 
 
 
 
1.1 Background 
 
  With the development of new wireless communication technologies, wireless 
communication services have had an enormous impact throughout the whole world in 
the last few decades. In 2011, the wireless and mobile communication service 
subscribers were about 87% of the world's population. However, this proportion of the 
population was just 34.4% in 2005 [1]. Recently, wireless communication has gone 
into a faster growth period due to some technologies such as cellular networks, PCS 
(Personal Communications Service) and Internet access. After the Internet access was 
widely deployed, wireless communication systems connected consumers all over the 
world. People are now dependent on the wireless and mobile communication services 
for everyday activities in all walks of life, including entertainment, business, and 
industry. Improving the performance of wireless communication systems by 
increasing the data rate, making the systems more reliable, ensuring they are power 
efficient and selling them more cheaply, are all critical factors in meeting the 
tremendous growth of consumers’ demand. 
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1.1.1 Mobile and Wireless Communications Systems  
 
  From 1990’s, mobile communication technologies have experienced significant 
growth from first-generation (1G) analogue voice-only communication to the fourth-
generation (4G) mobile telephone technology, as illustrated in Figure 1.1. The 2G 
digital communication technologies have been widely deployed including GSM 
(Global System for Mobile Communications) in Europe, PAS (Personal Access 
System) in China, D-AMPS (Digital AMPS) in United States and Canada. Now, the 
third generation mobile communication technology provides users with some new 
services: Voice over Internet Protocol (VoIP), High speed Internet access, unparalleled 
network capacity and “always-on” access [2]. In the near future, based on all-IP 
network, fourth generation mobile technology will provide ultra-speed access 
services, IP telephony, gaming services, high definition TV, and other streaming 
multimedia[3].    
 
  After WLAN (wireless local area network) obtained its license-free spectrum bands, 
WLAN has become a very important part of the wireless communication market. The 
WLAN system, also called as Wi-Fi based on the IEEE 802.11 specifications, 
provides a high speed Internet access to personal wireless terminal within limited 
coverage. Large cities have built enormous wireless networks made up of Wi-Fi 
access points (Hot-Spots) due to its cheap price, high data rate and reliability. Both 
mobile communication and WLAN technologies need higher data rate to meet 
consumer's demands [4]. The channel capacity of a Single Input Single Output (SISO) 
system is depended on channel bandwidth and signal-to-noise ratio (SNR). However, 
the radio spectrum has been occupied by various wireless communication systems. 
Therefore, the study of increasing spectrum efficiency is an important research topic.  
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Figure 1.1 The growth of the wireless and mobile communication systems [4] 
1.1.2 MIMO System 
 
  Initially, mobile phones were designed for voice communication services only. After 
the growth of wireless and mobile communication services in the last decade, huge 
numbers of mobile terminal devices went onto the market. With the requirement for 
data transmission increasing, there is a big challenge concerning how to obtain the 
expected data rate. The appearance of the Multiple Input Multiple Output (MIMO) 
system breaks through this technical limitation. In 1987, Winters proposed multiple 
antennas employed at both receiver and transmitter to increase the channel capacity 
with a fixed bandwidth [5]. In the late 1990s, the MIMO system was shown to be a 
viable method of developing the potential of the channel capacity [6, 7, 8]. From 2001, 
Lucent Technology (Bell Labs Innovations) and Stanford University have conducted 
measurements of the performance of MIMO systems in different environments [9-12]. 
The measurement results demonstrated that the capacity of the MIMO system had a 
significant improvement compared to the Single Input Single Output (SISO) system. 
Since then, research in MIMO systems has significantly increased, as the feasibility of 
MIMO technology has received overwhelming acceptance [8].  
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1.2 Motivation 
 
  When a MIMO system is employed for a compact wireless or mobile terminal, high 
electromagnetic coupling appears between antenna elements. The electromagnetic 
coupling is also called as mutual coupling. It disturbs the radiation pattern and the 
input impedance of every element [13]. Recent studies have shown that the high 
mutual coupling increase the correlation coefficient between MIMO antenna elements 
and significantly reduce the channel capacity of MIMO system [14-17]. The 
separation between antenna array elements (the distance of the feed points) is one 
important constraint in the design of MIMO systems for compact wireless terminal. 
Minimal mutual coupling could be obtained by placing the antenna elements more 
than a half wavelength apart in theory [13]. This is the reason why the MIMO systems 
had been mainly employed for the base stations and wireless routers which allow 
enough space to deploy an antenna array. It is a challenging task to place one MIMO 
antenna array into a compact wireless terminal with low mutual coupling. Therefore, 
the practical and realistic MIMO antenna system designs which are appropriate for 
compact wireless terminal devices must be carefully designed and optimized to reduce 
the mutual coupling between antenna elements. 
 
  Several methods have been presented to reduce the mutual coupling between antenna 
array elements. Novel antenna designs were proposed to achieve a high isolation for 
compact mobile terminals [18-20]. Electromagnetic Band-Gap structures were studied 
as a method to increase the isolation between array antennas [21-23]. Single [24] or 
multiple [25] defects (slots or slits) on the ground plane have also attracted significant 
interest due to the ease of fabrication and the applicability for different antenna types. 
By suppressing surface current flowing on ground plane between antenna elements, 
these methods succeed in reducing mutual coupling between antennas. Recently, an 
optimised pair of slits etched on the ground plane has been presented to significantly 
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reduce the mutual coupling between two Planar Inverted F Antennas (PIFAs) on a 
compact ground plane [26]. For an ideal MIMO antenna array, the antenna system 
should have a transmission zero between antenna elements [27]. For a dual-elements 
antenna array, the mutual coupling between antenna array elements should be less 
than -20dB [27].  
 
1.3 Contribution Highlights 
   
  Methods for the reduction of the mutual coupling between closely spaced antennas 
include those using Electromagnetic Band-Gap structures (EBGs) or Deflected 
Ground Structure (DGS) to suppress the surface current on the ground plane [25, 28]. 
EBG structures which consist of periodic arrangements of dielectric material and 
metal conductors manipulate the propagation of electromagnetic waves in specific 
frequency. However, typical periodic EBG structures occupy a large area on a ground 
plane. This affects the installation of other electronic components. In comparison to 
EBG structures, the DGS is relative small and easy to fabricate as few slots or slits 
etched in the existing ground plane. However, unless carefully designed it may take 
up significant area of the ground plane, and more importantly fail to suppress the 
surface current on ground plane. Therefore, it is still a very challenging task to reduce 
the size of DGS and EBGs whilst suppressing the surface current for compact mobile 
terminal devices.     
  
  In this project, novel designs of DGS and EBG structures are designed and 
demonstrated to decouple different closely placed antennas, such as PIFAs, printed 
monopoles and UWB monopoles. Initially, a dual-element modified PIFA array 
operating at 1.9GHz is proposed and optimized. A pair of optimized linear slits is 
inserted on the ground plane and significantly reduce mutual coupling by suppressing 
the surface current between the two closely placed PIFAs. However, due to their 
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length and shape, the slits occupy large area of the ground plane. A miniaturised 
convoluted slit is optimised to have a small footprint and are positioned close to the 
edges of the ground plane thereby occupying very little space. A transmission 
minimum is obtained by virtue of the resonance of the convoluted slits resulting in a 
significant reduction of the mutual coupling across the operating frequency band of 
the antennas. The convoluted slits are also employed to reduce coupling of the human 
body to the antenna array.  
 
  Although the convoluted slits are much smaller in comparison to the linear slits, their 
dimensions still need to be further miniaturised to accommodate the practical 
applications such as compact wireless terminals. Recently, a novel miniaturized 
Complementary Metallodielectric Electromagnetic Band Gap Structure (CMEBG) 
was presented, offering a small structural footprint and a wide bandwidth for the band 
gap region [29].  A novel double-layer miniaturised slit-patch EBG structure based on 
the CMEBG is proposed to reduce the mutual coupling between antenna array 
elements. The dimensions and shapes of the proposed EBG structures are optimised to 
produce maximum miniaturisation thereby occupying very little area on a compact 
ground plane. Following investigations of the double-layer EBG structure, a dual-
element CPW-fed printed monopole antenna array operating at 2.45GHz is designed 
to further evaluate the performance of the proposed double-layer EBG structure. Also, 
the double-layer slit-patch EBG structures reduce the mutual coupling for a dual-
element UWB planar monopole array operating from 3GHz to 6GHz. Based on this, 
the size of UWB planar monopole array has a significant reduction, as compared to 
the original design without slit-patch EBG structure. 
 
  In summary, the DGS structures in this thesis illustrate practical approaches to 
reduce mutual coupling between antenna elements for compact wireless terminals. 
And the double-layer EBG structures miniaturise the dimensions of the slits etched on 
the ground plane. 
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1.4 Chapter Outlines 
The thesis is organized into six chapters as follows: 
 
  Chapter 2: This chapter presents the introduction to MIMO systems and their 
channel capacities. Three different types of small antennas for mobile terminals are 
described. Two special structures (EBG and DGS), together with their advantages and 
disadvantages, are discussed in detail. 
 
  Chapter 3: This chapter addresses linear and convoluted slits. The characteristics of a 
dual-element PIFA (Planar Inverted-F Antenna) array (such as: S-parameters, surface 
current distribution and radiation pattern) are presented and analyzed. The novel 
linear slits and convoluted slits are proposed and optimized to reduce the mutual 
coupling between the two closely spaced PIFAs. The fabricated prototype models are 
measured to evaluate the simulated results. Ultimately, the detuning of the PIFA array 
caused by the human body is assessed both with and without the proposed convoluted 
slit structure. 
 
  Chapter 4: This chapter introduces a miniaturized double-layer slit-patch EBG 
structure and its transmission characteristics. A microstrip line excitation is initially 
presented for the efficient analysis and design of the proposed double-layer slit-patch 
EBG structures. A modified printed monopole and its dual elements array are 
mounted on a compact substrate for a wireless terminal device operating at 2.46GHz. 
The proposed slit-patch EBG structures significantly reduce the mutual coupling 
between two antennas and yield a maximum miniaturization of the antenna array 
thereby occupying very little space in a compact wireless terminal device. 
Furthermore, a dual-element modified UWB planar monopole array operating from 
3GHz to 6 GHz is studied to demonstrate the versatility of the proposed slit-patch 
EBG structure. 
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  Chapter 5: This chapter describes another type of slit-patch EBG structure 
comprising convoluted slits and conducting patches. Simulated transmission 
responses for different conducting patch widths are presented. Multiple identical slit-
patch EBG structures are proposed to extend the bandwidth of the transmission 
response. The new slit-patch EBG designs reduce the mutual coupling between two 
PIFAs placed on a compact ground plane below -20dB at the resonance of the 
antennas. Four identical slit-patch EBG structures are presented to further reduce the 
correlation coefficient between the two PIFAs. 
 
  Chapter 6: This chapter presents the conclusion and some thoughts for future work. 
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Chapter 2 
MIMO Systems on Compact Wireless Terminals 
 
2.1 Introduction 
 
 
  In this chapter, the theoretical background of this thesis is presented and explained. 
Initially, the channel capacity of wireless communication system is described. 
Definitions of SISO (Single Input Single Output) and MIMO (Multiple Input Multiple 
Output) systems are given, and their channel capacities are explained. By employing 
multiple antennas at the transmitter and receiver, the channel capacity of a MIMO 
system increases with the number of antenna elements increasing [1]. However, due to 
stringent space limitations, when the MIMO system is implemented in a compact 
wireless terminal device, it becomes difficult to employ multiple antennas whilst 
maintaining the performance of the antenna array [1]. In comparison to a single 
antenna for a SISO system, multiple antennas which are employed for MIMO system 
must have compact size, low profile and meet some additional requirements such as 
good isolation and lower correlation. In this thesis, three different types of antennas 
will be implemented respectively to form antenna arrays, namely PIFAs (Planar 
Inverted F Antennas), printed CWP-fed monopoles, and UWB (Ultra-wideband) 
monopoles, and these are described in section 2.3. In sections 2.5 and 2.6, an 
extensive overview of EBG and DGS is given. The properties and applications of the 
two structures are explained. Finally, an overview of the electromagnetic modeling 
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tools utilized throughout the thesis, based on CST Microwave Studio, is provided in 
section 2.7.  
 
2.2 Wireless Channel and Capacity 
 
  Wireless communication technologies have experienced an explosive growth to 
meet the rapidly increasing requirement for wireless multimedia services and wireless 
computer networking. Modern wireless communication systems are required to 
increase their channel capacity, QoS (Quality of Service), reliability and coverage. 
However, in conventional wireless communication systems, the SISO systems which 
employ one antenna both at the transmitter and receiver cannot support enough 
channel capacity for the demand of wireless communication systems without 
additional radio spectrum and transmission power [2]. The channel capacity of SISO 
with an AWGN (Additive White Gaussian Noise) was first defined by Claude 
Shannon [2, 3]. It is shown to be [4]: 
C = Wlogଶ(1 + ୔୛୒బ)                                               (2.1) 
  where W is the channel bandwidth, P is the received mean power, and N଴ is the noise 
power spectral density. This equation illustrates that the channel capacity of a SISO 
system is dependent on the transmission bandwidth and the SNR (P/(WN଴)) value. 
For a SISO system with a fixed bandwidth (W), the channel capacity only depends on 
the SNR. Meanwhile, the radio spectrum is an extremely scarce and valuable 
commodity for all wireless communication systems. 
 
  The application of multiple antennas at both the transmitter and the receiver through 
multipath channels defined as MIMO system, has been proposed as a method of 
improving the channel capacity [5]. In a MIMO system, at the transmitter, multiple 
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antennas send multiple streams through uncorrelated channels. At the receiver 
terminal, the multiple streams are received by multiple antennas and sorted to obtain 
the original stream of data using a special signal algorithm [6]. The received signal 
vector r(t) is defined by: 
   r(t) =  [rଵ(t), rଶ(t), … . . r௡ೝ(t)]୘                                             (2.2) 
  where r௡ೝ (t) is the signal at the ݊௥ th receiver element and [·]୘denotes the transpose 
operation.  Similarly, the transmitted signals is defined as:  
   s(t) =  [sଵ(t), sଶ(t), … . . s௡೟(t)]୘                                              (2.3) 
  where s௡೟(t) is the signal at the ݊௧th transmitter element. A usage of such a channel 
can be described by the following matrix equation, using the relation of the vector r(t) 
to s(t) [7]: 
r(t) = H(t)s(t) + n(t)                                                      (2.4) 
  where the H (݊௥ × ݊௧)  are the MIMO radio channel matrix, ݊௥  and ݊௧  are the 
numbers of the transmitters and receivers, n(t) is the additive noise matrix between 
transmitters and receivers. For example, two antennas were employed at both 
transmitter and receiver ends shown in Figure 2.1. The received signal is derived as: 
rଵ(t) = 	Hଵଵ(t)sଵ(t) +	Hଵଶ(t)sଶ(t) + nଵ(t)                               (2.5) 
 
Figure 2.1 Multiple channels of a ૛ × ૛ MIMO system 
   Generally, the MIMO channel can be analysed as a set of sub-channels, and the sub-
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channels eigenvector is used for calculating the capacity of the MIMO channel. When 
the transmit power is equally allocated to all antenna elements, the total capacity of a 
MIMO system has been derived as [8-10]: 
C = W logଶ ݀݁ݐ ቀI + ୌ
ౄୌୗ
௡೟୒ ቁ                                      (2.6) 
   where W is the single sub channel bandwidth, S is the received mean power, det is 
the determinant, N is the noise power on each receiver antenna, and I denotes the 
identity matrix. Hୌ is the Hermitian transpose of H. Compared to the channel capacity 
of a SISO system [11], the capacity of a MIMO system achieves almost the sum of n 
SISO channels[12]. Hence, when both tn (number of transmit antennas) and rn
(number of receiver antennas) increase, the capacity increases linearly with respect to
 ,min t rn n . The capacity of a MIMO system has an enormous improvement over the 
single channel system, as shown in Figure 2.2. 
 
Figure 2.2 MIMO channel capacity for different number of antenna  
elements [8] 
 
2.3 Compact Mobile and Wireless Terminal Antennas 
 
  Recently, two trends of antenna designs for compact portable terminal devices are 
evidenced [13]: the first one demands that the antenna is smaller, built-in, and 
supports multiple communication systems such as GSM, UMTS and WLAN; the 
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second one demands that the antenna system supports absolute quality and quantity of 
transmission data for various users’ requirements. As introduced in the last section, 
the MIMO system employs multiple antennas at both the transmitter terminal and 
receiver terminal ends. The channel capacity of a MIMO system increases with the 
number of antennas at the transmitter and receiver terminal increasing [9]. In order to 
accommodate multiple antennas in compact wireless terminal, the built-in antennas 
should meet certain essential factors such as: minimum occupied volume，light 
weight, adequate bandwidth, isotropic radiation characteristics, and low fabrication 
cost [14]. A major factor is that the antenna array should have low mutual coupling 
between the individual elements. When multi antennas are placed close to each other, 
high mutual coupling appear and affect the performance of the antenna array such as 
the radiation patterns, input impedance of antenna elements and channel capacity [15-
17]. The impact of mutual coupling between two dipoles for different antenna 
separation is presented in Figure 2.3. The radiation patterns of antenna 1 have 
significant difference with the separation (d) decrease [18]. Therefore, when multiple 
antenna elements are employed to form a MIMO system on compact wireless terminal 
device, antenna geometry and the position of antenna elements in the array need to be 
optimised for reducing mutual coupling level between antenna elements. Three widely 
used antennas which are applied for mobile and wireless terminals such as PIFA, 
printed CPW-fed monopole and UWB monopole antenna are presented in this section. 
 
Figure 2.3 Radiation patterns of one dipole in a dual-element antenna array for 
different separations (d) [18] 
 
17 
 
2.3.1 Planar Inverted-F Antenna 
 
  In last ten years, with the volume and weight of mobile terminal devices decreasing, 
the antenna design for handsets has undergone an evolution from extendable to 
internal. The evolution process from monopole to PIFA (Planar Inverted-F Antenna) is 
presented in Figure 2.4. The monopole was the most common antenna for the handset 
in the 1980’s. However, with the development of mobile communication technology, 
the monopole antenna is not suitable for compact modern mobile terminal devices due 
to its high profile. The ILA (Invert-L Antenna) is the simplest improvement of the 
monopole. This antenna has a low profile, including a short vertical part and a longer 
horizontal part. The ILA is difficult to impedance match to a feed line because the 
impedance of ILA consists of a low resistance and a high reactance caused by the 
horizontal part close to ground plane. An L-shaped stub was added close to the 
feeding pin, and a new antenna named as IFA (Inverted-F Antenna) was formed to 
improve the matching characteristics of ILA [13]. Nevertheless, both the ILA and IFA 
have narrow impedance bandwidth because of their small radiation elements. Finally, 
the PIFA has emerged by using a planar patch as the radiation elements to increase the 
bandwidth of antenna [19]. 
 
 
Figure 2.4 The evolution process from monopole to PIFA [19] 
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  As presented in Figure 2.5, the PIFA consists of a shorting point, a feeding point and 
a planer radiating patch. It has compact dimensions and resembles a letter F which 
faces down. There are two dimensional values, the width and length of the radiating 
patch, which affect the resonant frequency of the antenna derived by [20]: 
                          f = େସ(୐ା୛)                                               (2.7) 
where, f is the resonant frequency, C is the speed of the light in the free space, L and 
W are the length and width of antenna radiating element. 
 
Figure 2.5 Configuration of a Planar Inverted-F Antenna 
 
  Compared to a conventional antenna, the PIFAs have been presented to support a 
multiband system by implementing some promising radiating top patches [21-23]. 
PIFAs are able to widen bandwidth by adding a parasitic element at the open end [24, 
25]. In personal communication systems, PIFAs effectively reduce the backward 
radiation and electromagnetic energy toward the users’ head in comparison to some 
conventional mobile terminal antennas like monopoles and whip antennas which 
present omnidirectional radiation [20]. The PIFAs have been widely applied to 
various wireless communication devices for their advantageous characteristics. 
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(a) 
 
(b) 
Figure 2.6 (a) The geometry and (b) Return Loss of the dual-band PIFA  
with a U-shape slot patch  
 
 
  A dual-band PIFA which operates for GSM and WLAN is presented in Figure 2.6(a). 
This design employs an embedded U-shaped slot in the radiating top patch. In the top 
patch, a small inner rectangular patch with dimension ܮଶ × ଶܹ for operating around 
2450 MHz is obtained. The external rectangular patch with dimension ܮଵ × ଵܹ is for 
1800MHz band operation. The simulated return loss of this PIFA is presented in 
Figure 2.6(b). This kind of multi-band PIFA has been widely used for different mobile 
terminals by the mobile terminal manufacturers [20]. 
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2.3.2 Printed CPW-fed Monopole 
   
  Conventional monopoles were widely implemented in the past for the applications of 
the mobile phone as external antennas. However, these antennas have high profile and 
increase the overall volume of a mobile phone. Novel very low-profile monopole 
antennas were designed to be printed on substrates as a built-in antenna. This 
monopole is always fed by CPW (Coplanar Waveguide) line. The radiating element, 
CPW line and ground plane are printed on the same side of the dielectric substrate 
[26, 27]. The geometry of a square planar monopole with a 50 Ω CPW line is 
described in Figure 2.7. It is obvious that the CPW-fed printed monopole is best 
suited to be fabricated as a separate antenna module for a wireless compact terminal 
like laptop or table PC [26-29]. The characteristics of the proposed CPW-fed printed 
monopole are determined by several design parameters [30]. The feed gap (H) and the 
width of the ground plane (W) will significantly affect the input impedance and the 
operating bandwidth [30]. The dimension of the radiating element determines the first 
resonant frequency. This kind of printed CPW-fed monopole will be studied to form a 
MIMO antenna array in Chapter four. 
 
Figure 2.7 Geometry of a CPW-fed printed monopole  
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2.3.3 UWB Monopole Antenna 
 
  UWB (Ultra WideBand) technology has attracted much attention since the FCC 
(Federal Communications Commission) allowed the free license of the frequency 
spectrum 3.1-10.6GHz to UWB systems at low power usage in 2002 [31]. In 
comparison to other wireless communication standards, the UWB system has the 
maximum bandwidth, the minimum transmission energy and a lower multipath 
interference as shown in Figure 2.8 [32]. There are five kinds of applications over the 
UWB frequency spectrum [33]: short range wireless communication system, radars 
for detecting vehicles, robotics position and movement, communication systems for 
the military, UWB short pulse radars for inner inspection in medical and underground 
exploration. The UWB communication technology is principally studied to constitute 
a new wireless communication system which supports relative larger bandwidth in 
comparison to conventional wireless systems which have narrow percent bandwidth 
defined as the ratio of absolute bandwidth to center frequency: (௙ಹି௙ಽ௙಴ ). 
 
Figure 2.8 The relation between UWB and other wireless communication systems[32] 
 
  The various kinds of wireless communication systems are presented in Figure 2.8. 
As the UWB systems operate in the same spectrum that some existing wireless 
communication systems have occupied, interference will occur. Stringent regulations 
for UWB have been set by organizations and governments to improve the 
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compatibility between UWB and other communication systems [33]. In a small 
coverage, the UWB system which operates at the minimum power level is not 
disturbed by severe interference from other existing narrow band communication 
systems which operate in the assigned frequency band. In the near future, UWB 
technology will be applied to PCS in the 4G project [34].  
 
 
Figure 2.9 Different UWB Planar monopoles [39] 
 
  Planar UWB monopoles have received much attention for their attractive 
characteristics such as their consistent polarization and radiation pattern parameters 
[35-38]. The radiating elements of a planar UWB monopole, fed by either a coplanar 
waveguide line or a microstrip line, are made into various shapes for different 
applications such as: square, circular, elliptic, triangle and so on, as shown in Figure 
2.9[39]. Initially, in order to suppress horizontal currents on ground plane and to 
obtain a stable omni-radiation pattern, the radiating elements are perpendicular to 
their ground planes. However, it is difficult to mount the antenna module into a 
compact wireless device. Therefore, the radiating elements and their feed lines are 
printed on the same side of a dielectric substrate. Nevertheless, strong surface current 
are generated and widely spread over the PCB [40]. The radiation from the current on 
the PCB will seriously damage the antenna radiation parameter and produce high 
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mutual coupling between antenna elements when multiple planar UWB monopoles 
are employed to form MIMO systems. Suppressing the surface current on a PCB will 
be studied in Chapter four.  
 
2.4 Mutual Coupling and Correlation 
 
  Mutual coupling refers to the electromagnetic interactions between antenna array 
elements. When multiple antennas are placed on a compact ground plane to form 
MIMO system, high surface current appears on the ground plane between antenna 
elements. In this way, some energy which is transmitted by an antenna is transferred 
to other nearby antennas. The current on radiating element consists of the current 
from transmitting antenna and the current induced by other antenna elements [41]. 
The mutual coupling will affect the radiation patterns and input impedance of antenna 
elements adjacent to each other due to the small separation between them, as shown in 
Figure 2.10. The performance of antennas will be degraded due to the strong 
electromagnetic coupling between them [41]. Compared to a single conventional 
antenna, the reduction of mutual coupling between antenna elements is an essential 
consideration in the design of an antenna array for a small wireless terminal. 
 
Figure 2.10 Mutual coupling between antenna elements  
on a compact ground plane 
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  In this project, a 2x2 MIMO system is modeled by using a scattering matrix (S-
parameters). The S21 is evaluated as the mutual coupling of a dual-element antenna 
array. Here, a number of simulations are presented to verify the relation between 
mutual coupling and the separation between the elements. The configuration of a 
dual-element PIFA array is presented in Figure 2.11(a). The antennas are optimized to 
resonate at 1.95GHz and mounted with a variable interelement separation (D) on the 
ground plane. Figure 2.11(b) shows the simulated mutual coupling (S21) between two 
antennas for different separations. When the two PIFAs are closer, higher surface 
current appears between antennas. Therefore, the mutual coupling increases with 
separation (D) decreasing. When multiple antennas are implemented on compact 
wireless terminals, it is an unavoidable problem that the inadequate separation 
between antenna elements will result in high mutual coupling which ultimately affects 
the performance of the antenna array [41, 42]. Several techniques have been proposed 
for the reduction of mutual coupling between closely spaced antennas on compact 
grounds, such as novel optimized antenna designs [43], and the use of EBG structures 
[44]. The application of single [45] or multiple [46] defects (slots or slits) on the 
ground plane has also attracted significant interest due to the ease of fabrication and 
applicability with different antenna types. All these techniques significantly reduce the 
mutual coupling by suppressing surface current on ground plane. 
 
(a) 
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(b) 
Figure 2.11 (a) The configuration of PIFAs on a 200mm×100mm ground plane and 
(b) Simulated S21 with various separations (D) between two PIFA elements  
 
  When multiple antenna array elements are mounted into a compact wireless terminal 
device, due to the small internal spacing, high mutual coupling will introduce 
additional correlation between wireless channels and reduce channel capacity of 
MIMO system [47-50]. There are two main methods of calculating the correlation 
between antennas. One method is obtained from the S-parameters of the antenna 
terminals [51]. Another method is obtained from the far-field radiation pattern [52]. 
The envelope correlation of a two-element antenna array could be calculated using 
equation (2.8) [53] or equation (2.9) [51] 
ߩ௘ = |ௌ
∗భభௌభమାௌ∗మభௌమమ|మ
൫ଵି(|ௌభభ|మା|ௌమభ|మ)൯൫ଵି(|ௌభమ|మା|ௌమమ|మ)൯                          (2.8) 
 ߩ௘ =
ቚ∬ ிభሬሬሬሬԦ(ఏ,∅)∙ிమ∗ሬሬሬሬԦరഏ (ఏ,∅)ௗΩቚ
మ
∬ หிభሬሬሬሬԦ(ఏ,∅)หమௗΩరഏ ∬ หிమሬሬሬሬԦ(ఏ,∅)ห
మௗΩరഏ
                                   (2.9) 
 
  where ܨపሬሬԦ(ߠ, ∅)  is the far-field pattern of the antenna system with antenna I 
excited( other ports are terminated in a 50Ω match). The EM field of external sources 
and the antenna radiation patterns affect the envelope correlation [54]. When the 
antenna system is placed in a uniform distribution of EM field, the calculation of 
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correlation which utilises equation (2.8), based on the S-parameters, is very quick and 
suitable for obtaining good approximations [54]. If not, the equation (2.8) will 
introduce an error, because the equation (2.8) does not include the radiation 
efficiencies of antennas [54]. Equation (2.9), based on the far-field pattern of the 
antenna system, provides a more accurate correlation between antennas although it is 
more complicated.  
 
Figure 2.12 Correlation coefficient between two IFAs over different separations [55] 
 
  Figure 2.12 shows an example of correlation values between two closely spaced 
IFAs on a mobile handset ground plane, where the values have been calculated using 
the two different methods mentioned above, namely equations (2.8) and equation 
(2.9) [55].When the antenna system a free space, the results which are calculated from 
two equations are almost same. When a dielectric object is close to the antenna array, 
the method based on the far-field pattern presents the better description of correlation 
although the equation is more complicated. 
2.5 EBG Structures  
 
  EBG structures evolved from the PBG (Photonic Band-gap) structure which is 
proposed to prevent the propagation of light in specific frequencies [56]. PBG 
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structures are artificially made structures either in two or three dimensions [57, 58]. 
Initially, PBG concepts were only applied in an optical regime [59]. Because of their 
advantageous characteristics, PGB structures have been widely applied in microwave 
and millimeter-wave regions to suppress electromagnetic wave propagation in 
specific frequencies [60, 61]. Hence they have been renamed to EBG structures. 
EBGs are defined as the “artificial periodic objects that prevent the propagation of 
electromagnetic waves in a specified band of frequency for all incident angles and all 
polarisation states” [62]. 
 
Figure 2.13 The characteristic of an EBG structure 
  
  The EBG structure generally consists of a periodic arrangement of dielectric material 
and metal conductors. Based on their structural geometry, EBG structures are sorted 
into three groups: (1) one-dimensional transmission line structures, (2) two-
dimensional planar surface structures, and (3) three-dimensional volumetric 
structures[63]. Some typical EGB structures which have been applied in 
microwave circuit design are exhibited below. One microstrip line with periodic holes 
on the ground plane is shown in Figure 2.14(a) [64]. A mushroom-like surface 
structure shown in Figure 2.14(b) is an example of the two-dimensional EBG 
structure[65]. A woodpile structure consisting of square dielectric bars is shown in 
Figure 2.14 (c) for three-dimensional volumetric EBG structures [66].  
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(a) 
    
 
(b) 
 
(c) 
Figure 2.14 Three EBG structures: (a) one microstrip line with periodic holes on 
ground plane [64] (b) a mushroom-like surface structure [65]  
(c) a woodpile structure consisting of square dielectric bars [66] 
 
  EBG structures are usually realized by periodic arrangement of dielectric materials 
and metallic conductors to achieve stop band effect. By suppressing the surface 
current on ground plane, EBG structures succeed in reducing the mutual coupling 
level between antenna elements [44, 67, 68]. However, due to strict space constraints, 
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EBG structures are very difficultly implemented in compact wireless terminals 
because they will occupy a large area of ground plane. In next section, another simple 
structure will be presented to reduce mutual coupling between antenna array elements. 
 
  Recently, a novel technique for miniaturizing EBG structures has been proposed [69, 
70]. This kind of EBG structures etches a slot array and conducting dipoles on either 
side of a thin supporting dielectric substrate [71-73]. This double layer slit-patch EBG 
structure places two layers of conducting elements close to each other to produces 
strong field and high coupling between the elements. In this way, the effective 
electrical length of the overall structure increases, resulting in a decrease of the 
resonant frequency and yielding significant miniaturisation of the slot array.  
 
Figure 2.15 Schematic of proposed Complementary Dipole array 
 
  A corresponding closely coupled EBG array etched conducting patches and aperture 
slots on either side of a very thin dielectric layer, as shown in Figure 2.15. The 
apertures are rotated 90଴with respect to the conducting patches in order to maximize 
the coupling between them. Simulated and measured results illustrated that the 
resonant frequency of the band gap decreases as the width of the conducting patches 
increases [74]. This structure will be used to miniaturise the size of slits etched on 
ground plane in chapter four and chapter five. 
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2.6 Defected Ground Structure 
 
  DGS (Defected Ground Structure) is an etched periodic or non-periodic 
configuration defect in a ground plane [75]. In comparison periodic EBG structure, 
DGS employ fewer slots or slits to modify the current distribution on the ground plane, 
because of DGS dimension and its relative position, resulting in the alteration of the 
characteristics of the transmission response.  
 
  The DGS presents different characteristic from their geometries etched on the 
ground plane. They have been widely applied as various microwave filters such as the 
low-pass, band-pass and band-stop [76-78]. Recent research has demonstrated that the 
implementation of several coupled linear slits has succeeded in reducing mutual 
coupling between closely spaced antenna elements acting as a band-stop filter [79, 80].  
Three pair linear slits were etched on a compact ground plane between two closely-
packed monopoles to reduce the mutual coupling between the antenna elements, as 
shown in Figure 2.16. Compared to the original ground plane, the linear slits 
introduce a significant reduction of mutual coupling between two closely spaced 
monopoles [80].  
 
Figure 2.16 Two monopoles antennas on the proposed ground plane [80] 
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  In order to describe the mechanism of linear slits, the surface current distribution is 
shown in Figure 2.17. Five pairs of linear slits are etched on a ground plane between 
two antennas. Although two PIFAs are closely placed on the compact ground plane, 
the slitted patterns succeed in trapping a large portion of current and energy. Less 
surface current propagate from one antenna to the other one. As described in section 
2.4, the mutual coupling is mainly contributed by the flowing surface current between 
antenna elements. So, the linear slits effectively reduce the mutual coupling between 
the antenna elements [81]. The DGS will be used as the major method for reducing 
the mutual coupling for the various antenna configurations in this project. 
 
 
Figure 2.17 The Simulated surface current distribution of a dual-element PIFA array 
at 2.35 GHz [80]  
 
2.7 CST Microwave Studio 
 
  In the last twenty years, with the rapid development of computer science, many 
powerful simulation software tools have emerged for applications in electromagnetic 
analysis and design. CST MICROWAVE STUDIO is one of the 3D simulation 
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software tools which provide a solid modeling front end to simplify the inputting 
process [81]. CST supports fast and accurate simulations for different electromagnetic 
devices such as antennas, filters, planar and multi-layer structures. The powerful 3D 
visual effect of CST simplifies the operational procedures shown in Figure 2.18. After 
the simulated model has been inputted into the software, a novel automatic meshing 
program will minimize the error of the simulation results. CST MWS provides a 
number of different solvers for different applications such as: the transient solver, the 
frequency domain solver, the integral equation solver, and the eigenmode solver[81]. 
 
 
Figure 2.18 CST Microwave studio overview [81] 
 
  In this project, the transient solver is the principal tool used to calculate simulated 
results for the various models. This solver is efficient for calculating S-parameters, 
electric fields, magnetic fields, surface currents, power flows, current densities and 
field distributions [81]. The transient solver is based on the Finite Integration 
Technique (FIT) numerical method which was proposed by Thomas Weiland in 1977 
[82]. FIT is a spatial discretisation scheme for solving electromagnetic questions in 
the time and frequency domain [82]. This approach discretizes the integral form of 
Maxwell’s equations and decomposes the computation domain to a finite number of 
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staggered grids. Due to the high flexibility in geometric modeling and boundary 
handling, FIT was used by CST MWS to solve all kinds of electromagnetic problems. 
However, this method also introduces errors when the simulated model has a curved 
surface. CST MWS exploits an exclusive efficient method termed as the Perfect 
Boundary Approximation (PBA) to reduce this kind of error [83]. PBA, by applying 
sub-cellular analysis for any shaped boundaries, increases the simulation accuracy and 
reduces the consumed computation resource, as shown in Figure 2.19. 
 
 
Figure 2.19 Grid approximation of rounded boundaries(a) standard (b) Perfect   
Boundary Approximation[83]  
2.8 Summary 
 
  This chapter has presented the theoretical background for the application of MIMO 
system implemented in compact wireless terminal. The channel capacity of a MIMO 
system has a significant improvement over the SISO system without increasing the 
radio spectrum.  
 
  Now, the antenna designs for a mobile terminal present two trends: the first one 
demands that the antenna is smaller, built-in, and supports multiple communication 
systems; the second one demands that the antenna system supports the absolute 
quality and quantity of transmission data for various users’ requirements. These 
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demands have forced a rapid evolution of the mobile terminal antenna. However, 
when multiple antennas employed at the transmitter and receiver in a compact 
wireless terminal, the mutual coupling between antenna elements is a big challenge 
because of the small separation between antennas. Therefore, some DGS structures 
will be presented to reduce the mutual coupling, which are discussed in Chapter 3.  
 
  Novel, miniaturised, closely coupled Electromagnetic Band Gap Structures have 
been presented to miniaturise the dimensions of the EBG structures etched on the 
ground plane. The proposed structure employs two layers of conducting elements and 
apertures placed on either side of a thin supporting dielectric substrate for producing a 
strong field and high coupling between them. Based on this, the electrical length of 
the overall structure effectively increases, resulting in a resonant frequency of EBG 
structure decrease. This means that the dimension of the EGB etched on the ground 
plane could be reduced by implementing this double-layer structure. Some slit-patch 
EBG structures are conducted in Chapter 4 and Chapter 5. 
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Chapter 3 
 
Linear and Convoluted Slits on Ground Plane 
 
 
 
3.1 Introduction  
 
  The theoretical background regarding the multiple antennas used for compact 
wireless terminal devices has been introduced in Chapter two. In a MIMO system, 
multiple antennas are employed at both the transmitter and receiver to significantly 
increase the channel capacity. In comparison to the requirements of a single antenna 
for a compact wireless terminal, such as minimum occupied volume，light weight, 
adequate bandwidth, isotropic radiation characteristic, and low fabrication cost 
[1,2], the application of multiple antennas needs to meet some additional conditions, 
such as good isolation, diversity performance for the multiple antennas, enough space 
in-between for other electric components[2]. In order to implement a multiple-element 
antenna array into compact wireless terminals, the dimensions and relative position of 
antenna elements need to be rigorously designed and tested to achieve low mutual 
coupling between the elements. In this chapter, the geometry of one single PIFA 
operating at 1.9GHz is proposed and optimised. One dual-element antenna array 
based on the configuration and dimension of the single antenna is presented. Novel 
linear slits and convoluted slits are inserted in the ground plane to introduce a 
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transmission minimum in the coupling path between two close spaced PIFAs and 
produce a significant reduction of the mutual coupling within the operating frequency 
band of the antennas. The prototypes of the PIFA array with the proposed linear and 
convoluted slits have been fabricated in order to validate experimentally the proposed 
designs. Ultimately, the miniaturized convoluted slit structures integrated into a 
compact ground plane have been presented to reduce the coupling of the human body 
to antennas. 
 
3.2 Planar Inverted – F Antenna Design and Simulation  
 
  The wireless and mobile terminal market has an explosive development in last ten 
years. Meanwhile, a lot of new antennas have emerged to be implemented in wireless 
and mobile terminal devices [3-6]. These antennas have an evolution from extendable 
antenna to internal antenna; PIFAs and other built-in antennas have replaced the 
monopoles [7, 8]. In this section, a Planar Inverted-F Antenna (PIFA) and its dual-
element array are proposed and optimized to further evaluate the electromagnetic 
properties of some defected ground structures on the ground plane. The antenna 
system is designed to operate within the 1.7-2.1GHz frequency band for a 3G system. 
As mentioned in Chapter two, in a MIMO system, the separation between antenna 
array elements should be more than a half wavelength in order to achieve a good 
isolation between them. However, it is difficult to obtain low mutual coupling when 
two PIFAs are implemented on a conventional ground plane for a compact mobile 
terminal device. A novel approach for reducing the electromagnetic coupling between 
antenna elements is presented in the following sections. 
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3.2.1 Antenna Geometry Design  
 
  As mentioned in Chapter two, the resonant frequency of a PIFA is determined by 
several important factors. According to the equation given here [9]: 
f = ୡସ(୐ା୛)                                             (3.1) 
  Where, the length L and width W of radiating element will determine the resonant 
frequency (f) of the antenna. The distance between the feeding pin and the shorting 
pin also affects the antenna's resonating properties through altering the surface current 
flowing path on the radiating patch [9]. The antenna operation frequency range is 
defined within 1.7-2.1GHz, so the central frequency should be around 1.9GHz. 
 
  Due to the proposed antennas being established in one compact mobile handset, 
owing to the practical situation, the height of the PIFA radiating patch is defined as 
10mm. After a series of simulations, the dimensions of the radiating patch are defined 
as 29mm length and 7mm width to make the antenna operate in the desired frequency 
range and leave enough room for the other electronic components in the compact 
mobile device. In order to obtain more bandwidth and reduce the size of radiating 
element, some slits or slots are etched on the radiating patch. Initially, five different 
configurations of radiating patches are studied, as shown in Figure 3.1. 
 
Figure 3.1 The five different PIFA configurations: (a) simple PIFA, (b) simple PIFA 
with the shorting pins on the top edge, (c) U-slotted PIFA, (d) L-slitted PIFA, 
 (e) PIFA with 3 slits 
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  Figure 3.2 represents the simulated return loss (S11) of the antennas corresponding 
to the different configurations shown in Figure 3.1. The simple PIFA in schematic (a) 
resonated at 1.86GHz. After the shorting pin was moved to the top edge of the 
radiating patch in Figure 3.1(b), the resonant frequency of the PIFA shifted to 
3.2GHz. The U-slotted PIFA introduced a dual band which resonated in both 1.95 and 
3.7GHz as in schematic (c). And the L-slotted PIFA resonated in both 1.88GHz and 
3.27GHz. However, the upper frequency bands of schematic (b) and (c) did not satisfy 
the requirement of the communication system (S11<−6dB). By adding three linear 
slits on the radiating patch, the resonant frequency of the last PIFA (e) matched the 
desired frequency 1.9 GHz and had 150MHz bandwidth.  
 
Figure 3.2 Return loss results (S11) of PIFAs corresponding to different PIFA 
configurations shown in Figure 3.1 
 
  Figure 3.3 shows the geometry of a modified radiating patch. It comprises one PEC 
(Perfect Electric Conductor) patch with two etched circles and two 2x1mmଶlinear 
slits. The distance between the two circles is 4mm. The first circle is connecting the 
shorting pin. The second circle denotes the feeding pin for connecting one coaxial 
cable. The total length of the radiating patch is 72mm, approximately half wavelength 
when the PIFA is resonant at 1.9GHz.  
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Figure 3.3 Geometry of the PIFA radiating patch 
 
  The proposed PIFA is placed on a compact ground plane with dimensions 
100x40mm² for a mobile terminal, and is printed on a 1.55mm-thick FR-4 dielectric 
substrate (εr=4.5), as shown in Figure 3.4. The antenna is supported by one coaxial 
cable and a shorting pin. The coaxial cable directly drills through the substrate and the 
ground plane to avoid touching the PEC (Perfect Electric Conductor) layer on the 
ground plane. This will reduce the influence, caused by the dimension of the ground 
plane, which causes the antenna performance to deteriorate sharply. The diameter of 
the coaxial cable is 1.5mm. The outer radius of the metallic shield is 2mm. The 
resistance of the cable is defined as 50Ω.  
 
Figure 3.4 Geometry of the antenna system 
3.2.2 Single Modified PIFA Design 
 
  The modified PIFA is placed on the 100x40 mm² ground plane. By using CST 
Microwave Studio்ெ  (CST MWS), the simulated return loss (S11) of the PIFA is 
shown in Figure 3.5. A sharp minimum of S11 is obtained around 1.9GHz, with a 
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good matching of the desired frequency band. The effective impedance bandwidth 
(│S11│>6dB) of the antenna is from 1.76 to 2.05 GHz.  
 
Figure 3.5 Simulated return loss (S11) of the modified PIFA 
 
  The current distribution on the ground plane at the resonant frequency 1.9GHz was 
obtained from simulation software, as shown in Figure 3.6. The surface current seems 
to propagate along the edges from one side of the ground plane to the other side. The 
surface current will produce high mutual coupling between the antenna elements 
when two or more antennas are implemented on the ground plane. 
 
Figure 3.6 Current distribution of a PIFA on ground plane at 1.9GHz 
3.2.3 Dual-element PIFA Array Design 
 
  A dual-element PIFA array based on the configuration and dimension of the single 
PIFA element was proposed and optimized in this section. The antenna array is 
mounted on the ground plane (100x40 mm²). In order to leave enough room for 
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battery and other electronic components, the two PIFAs are respectively placed near 
the two edges of the ground plane. Meanwhile, the separation between antenna array 
elements will be increased to obtain lower mutual coupling. The configurations and 
dimensions of the PIFAs are the same as the single one shown in Figure 3.3. Four 
different positions of the PIFAs are displayed in Figure 3.7. 
 
  In the first three configurations of the PIFA array, the separations between two PIFAs 
are 92mm in schematic (a), 93mm in schematic (b) and 82mm in schematic (c). The 
spacing between the two antennas is only 32mm in schematic (d). In first three 
schematics, the separations between the two antennas are slightly more than a half 
wavelength, which satisfies the typical distance of λ/2 for achieving a low mutual 
coupling between antenna elements [10].  
 
Figure 3.7 Four different configurations for the position of two antennas 
 
  The simulated S-parameters of the PIFA arrays for the four configurations are shown 
in Figure 3.8. All the return losses of antenna 1 (S11) are around 1.9GHz except 
schematic (d), as shown in Figure 3.8 (a). It is obvious that the high mutual coupling 
significantly affects their resonant frequencies when the antrnnas are very closely 
placed to each other. In all four configurations, at the resonance of the antennas, their 
mutual couplings are over -10dB. Because schematic (a) has lowest mutual coupling 
(S21) in comparison to the other schematics, this configuration of antenna array will 
be further investigated in the following sections. 
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(a) 
  
(b) 
Figure 3.8 (a)S11 and(b) S21 for four different configurations of the two array  
shown in Figure 3.7 
 
  The simulated surface current distribution on the ground plane at the resonant 
frequency (1.9GHz) is presented in Figure 3.9. It was noticed that the surface current 
is widely spread on the ground plane when the antennas are excited. The current are 
around the area underneath the radiating elements and propagates along the edges of 
ground plane thus producing a high mutual coupling between antenna elements. In the 
four configurations, schematic (a) and schematic (b) have the biggest separation 
-40
-30
-20
-10
0
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
schematic(a)
schematic(b)
schematic(c)
schematic(d)
S1
1(
dB
)
Frequency(GHz)
-20
-15
-10
-5
0
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
schematic(a)
schematic(b)
schematic(c)
schematic(d)
S2
1(
dB
)
Frequency(GHz)
52 
 
between two the PIFA elements. However, due to the different orientation of the 
antennas (open ends of PIFAs on opposite sides), less current propagates from one 
PIFA to the other one, resulting in a lower mutual coupling in schematic (a). This is in 
agreement with the conclusion obtained from the simulated S-parameters shown in 
Figure 3.8. So this configuration, whereby two identical PIFAs are symmetrically 
placed on the opposite edges, will be applied in this chapter. 
 
 
Figure 3.9 Surface current induced by the PIFAs at 1.9GHz 
 
3.3 Linear Slits on Ground Plane  
 
 
  As discussed in last section, the separation between multiple antennas is an 
important parameter which affects the mutual coupling. However, when the multiple 
antennas are mounted in small mobile terminals, due to the finite inner-space, the 
mutual coupling between closely packed antenna elements becomes a critical issue 
which affects the performance of antenna system. Here, a novel structure for reducing 
the electromagnetic coupling between two closely packed PIFAs is presented in this 
section. 
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3.3.1 Linear Slit Etched on Ground Plane  
 
  From the current distribution presented in Figure 3.9 and the simulated S-parameters 
shown in Figure 3.8, it is noted that the mutual coupling between the antenna 
elements is higher when more surface current flow from one antenna to the other one. 
Therefore, in order to substantially reduce the mutual coupling, single or multiple 
DGS (slits) etched on the ground plane have attracted significant interest due to the 
ease of fabrication and applicability with different antenna types [11, 12]. Four 
different ground plane configurations are presented in Figure 3.10. 
 
Figure 3.10 Four configurations of slits on the ground plane 
 
Figure 3.11 Simulated mutual coupling results (S21) of four configurations 
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  Figure 3.11 shows the simulated mutual couplings (S21) corresponding to the 
structures in Figure 3.10. The S21 achieves a little improvement in schematic (a) and 
(b) in comparison to the original ground plane without slits. The schematic (c) 
produces an encouraging result although the resonant frequency of the slits shifts to 
2GHz, where the mutual coupling significantly reduces to -33dB. The resonance of 
schematic (d) shifts towards low frequency and its bandwidth (-20dB) is much less 
than the schematic(c). The current distribution is presented in Figure 3.12. As the 
surface current propagates along two edges of ground plane, the two linear slits which 
are inserted in the two edges of ground plane in schematic (c) make less current 
propagates from one side of the ground plane to the other side. Therefore, the ground 
plane configuration of schematic(c) will be applied in this chapter. 
 
Figure 3.12 Current distributions for the four configurations at 1.9GHz 
 
  Because the distance between two PIFAs placed on the ground plane is 
approximately a half-wavelength apart, the electromagnetic coupling between the 
antenna array elements is mainly caused by the surface current on the ground plane. 
According to a significant research, linear slits acting like λ/4 stub filters improve the 
isolation characteristics between antennas [12]. The design with two slits inserted at 
two edges of the ground plane between the two antennas is shown in Figure 3.13. In 
this structure, two critical factors, the length of slits and the distance between them, 
determine the inter-element spacing and the effect of suppressing the surface current 
between the two PIFAs.  
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Figure 3.13 Two slits inserted at two edges of the ground plane 
 
  The first parametric study is the alteration of the slit length to validate the effect of 
the proposed linear slit structures. The length of the slits is approximate to quarter 
wavelength. The simulated transmission responses (S21) for different slit lengths are 
presented in Figure 3.14. It is noticed that the S21 is just -11.4dB at resonant 
frequency when the slit length is 29 mm. When the length is over 30mm, the mutual 
coupling has a significant reduction. With the slit length increasing, the resonance 
slightly shifts towards low frequency while their mutual couplings are slightly 
inversely proportional to the length. In order to most match the resonant frequency of 
the PIFA, the length is chosen to be 30mm.    
 
 
Figure 3.14 S21 of antenna array for different slit lengths  
 
  The second parametric study is to validate the distances between the two linear slits. 
It affects the resonant frequency of linear slits. Figure 3.15 shows the simulated S21 
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for different distance. Their resonant frequencies slightly shift from 1.89GHz to 
1.91GHz with the distance increasing. When the distance between two slits is 12mm, 
the pair of slits resonates at 1.903GHz. The mutual coupling between the two PIFAs 
drop below -50dB and introduce transmission zero(S21<-20dB) across the operating 
band of PIFAs [13].  
 
 
Figure 3.15 S21 of antenna array for different distance between two slits 
 
  After the slit length and distance are optimized, the simulated S-parameter of the 
dual-element antenna array is presented in Figure 3.16. The resonance of the second 
PIFA slightly shifts from1.89Ghz to 1.93GHz due to the asymmetric configuration of 
the slits on the ground plane. In order to present the effect of slits to antenna 
resonance, the dimensions of PIFAs is not retuned. Nevertheless, both antennas are 
well matched (S11< -6 dB and S22 < -6 dB) at the resonant frequency of the two slits.  
These simulated results show that a transmission zero (S21<-20dB) is introduced in 
the coupling path between the two radiating elements, reducing the electromagnetic 
coupling between them to particularly low values [13]. The mutual coupling (S21) 
between the two PIFAs drops to -43dB at the resonant frequency 1.9 GHz 
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Figure 3.16 S-parameter of proposed slit on the ground plane 
 
  After insertion of the coupled linear slits, in comparison to the original antenna 
system, the S21 value reduces to below -20dB across the operating frequency band of 
the PIFAs, as shown in Figure 3.17. The mutual coupling shows a significant 
reduction from -9dB to -43dB at the resonance of the antennas. These results 
demonstrate that the pair of optimised linear slits introduces a good isolation between 
the antenna array elements. 
 
Figure 3.17 Simulated S21 with and without the two linear slits 
 
  The simulated current flow produced by the antennas at 1.9GHz on the ground plane 
is presented in Figure 3.18(a). The most current flow is around the area underneath 
the antenna radiating element and propagates via the edge of the ground plane. 
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However, the two coupled slits result in less current propagating across them. It is 
evident that strong opposite currents are excited in the slits, resembling an odd mode 
resonance of the two-slit configuration and resulting in strong electric fields normal to 
the ground shown in Figure 3.18(b). Hence, by optimizing the distance between them, 
they can be made to resonate at the desired frequency. It is evident that due to the 
opposite directions of the magnetic fields through the two slits, a strong magnetic 
field loop is formed between the two slits, depicted in Figure 3.18(c).  This is a clear 
indication of the magnetic coupling that is established between the two proposed slits 
and further enhances the resonances, resulting in the sharp minimum in the S21 
response. 
 
(a) 
 
(b) 
 
(c) 
Figure 3.18(a) Current flow (b) Electric field on the ground plane (c) Magnetic loop 
between two linear slits at resonant frequency  
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  It is noted that the optimised coupled slits are expected to radiate. Therefore, the 
radiation patterns of the examined antenna arrays in the presence of the resonating 
slits have been studied and have been found to be slightly different to those of the 
array without the slits. This is shown in Figure. 3.19, where the radiation patterns for 
the two cases have been plotted. The pattern of the proposed structure is slightly more 
omni-directional (directivity of 3.5dBi compared to 4.5dBi). The total efficacy of the 
antenna system has improved from 85.7% to 93.5%, due to the reduced S21 and hence 
the reduction of the power coupled from one PIFA to the other. It is thus well suited 
for mobile handset applications. 
 
Figure 3.19 Simulated radiation patterns of (a) the original array configuration when 
PIFA1 (the left element) is excited and (b) the decoupled array in the presence of the 
slits, when the same element is excited 
 
3.3.2 Fabrication and Measurement  
 
  Based on the optimized simulated configuration, two prototypes of a dual-element 
antenna array (the original ground plane and the one with the linear slits) were 
fabricated and measured in the laboratory at Loughborough University, as shown in 
Figure 3.20. An anritsu 37000D vector network analyzer recorded the S-Parameters 
data from the prototypes. 
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Figure 3.20 Prototype system using the proposed slitted ground plane 
 
  The measured S-parameter of a dual-element PIFA array on a conventional ground 
plane without linear slit is shown in Figure 3.21. By comparison to the measured and 
simulated data, the centre resonance frequencies of proposed PIFA arrays are slightly 
shifted from 1.9GHz to 1.86GHz (PIFA1) and 1.84GHz (PIFA2). The measured S21 
reaches a maximum of -10.5dB which is better than the simulated result. These minor 
discrepancies between simulated and measured results are due to fabrication 
imperfections in the manual soldering of the feeding and shorting pins of the PIFAs. 
Figure 3.22 illustrates the measured S-parameter of the PIFA array with the proposed 
linear slit structure. The measured return loss of Antenna 1 (S11) is different to that of 
Antenna 2. This is due to the two linear slits not being completely symmetrical on the 
ground plane. However, both antennas are well matched (S11<-6dB and S22<-6dB) 
and the mutual coupling (S21) drops to -47.58 dB at the resonant frequency of the 
slits (1.921GHz), instead of the simulated resonance (1.9GHz). Finally, the measured 
mutual coupling between the antenna elements in the proposed design is significantly 
reduced, in comparison to the original design of a dual-element PIFA array on a 
conventional ground plane, across the whole operating frequency band of the PIFAs. 
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Figure 3.21 Simulated and measured S-parameters for the prototype with the 
conventional ground plane 
 
Figure 3.22 Simulated and measured S-parameters the prototype with the proposed 
linear slits 
 
3.4 Convoluted Slits on Ground Plane 
 
  In the last section, the two coupled quarter-wavelength linear slits produce a 
significant reduction of the mutual coupling between the two PIFAs and introduce a 
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transmission zero across the operation frequency for a typical handheld device. 
However, due to their length and position, they occupied a relatively large area on the 
ground plane between the two antennas, which is impractical in many realistic designs 
of handheld devices. Therefore, novel miniaturised convoluted slits are proposed and 
optimized in this section. The configuration and dimension of the proposed PIFAs are 
the same as above. 
 
3.4.1 Single Convoluted Slit on Ground Plane 
 
  In order to investigate the impact of the proposed convoluted slits, a series of 
simulations have been carried out in CST software package. Their length, width and 
position are studied and optimized. Initially, one single convoluted slit is etched close 
to the top edge of the ground plane as a miniaturized element, as shown in Figure 
3.23. The first parametric study is the alteration of slit length to validate the effect of 
the proposed slit structure. The simulated transmission responses (S21) for different 
slit lengths are presented in Figure 3.24. With the slit length increasing, the resonance 
shifts towards a lower frequency while their mutual couplings are below -19dB. In 
order to match the resonant frequency of the PIFA, the value of the slit length is 
36mm. 
 
Figure 3.23 Single miniaturized slit inserted in the ground plane 
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 Figure 3.24 Mutual coupling of antenna array for different slit length  
 
  The second parametric study is to validate the width of convoluted slits. Figure 3.25 
illustrates the simulated transmission responses (S21) for different widths. Their 
resonant frequencies slightly shift from 1.9GHz to 1.935GHz when the width of the 
slit increases from 1mm to 1.75mm. The impedance matching of the proposed 
convoluted slit shows an improvement without significantly losing its bandwidth 
when the width is decreased. Finally, the value of the slit width which makes the 
couple slit resonate at 1.9175GHz is found to be 1.25mm. 
 
Figure 3.25 Mutual coupling of antenna array for different slit width   
 
  After a series of simulations in CST Microwave Studio, the dimensions of the slit 
were optimised in order to match the operating frequency band of the PIFAs. The 
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final dimensions are L1=6mm, L2=14mm, L3=5mm, L4=11mm, and the slit width is 
1.25mm. The simulated S-parameter of the PIFAs in the presence of the single slit on 
the top edge of the ground plane is shown in Figure 3.26. The mutual coupling 
between two PIFAs is reduced from -9dB to -19dB at 1.9175GHz in comparison to a 
conventional ground plane without the slit (shown in Figure 3.17). Furthermore, it is 
noticed that the return loss (S11 and S22) of the two PIFAs are different due to the 
asymmetric shape of the convoluted slit. However, both antennas remain well 
matched at the resonant frequency of the slit.  
 
Figure 3.26 S-parameters of antenna array PIFAs with a convoluted slit 
 on top edge of ground plane 
 
(a) 
 
(b) 
Figure 3.27 (a) Current distribution and (b) Current flow on the ground plane  
when a single slit etched close to top edge   
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  The surface current on the ground plane at the resonant frequency (1.92GHz) in the 
presence of one convoluted slit is shown in Figure 3.27. It is evident that the current is 
amassed in the area underneath the radiating patch and less current propagates via the 
single top slit to the other antenna. Although the convoluted slit is adjacent to the 
wider edge of the ground plane and takes up less area, the single slit still traps a large 
portion of current, resulting in a good isolation between the two antenna elements. 
 
Figure 3.28 S-parameters of antenna array with a convoluted slit 
 on bottom edge of ground plane 
 
  The proposed convoluted slit is then positioned at the bottom of the ground plane. 
The width and length of the slit are kept the same as above. Figure 3.28 shows that the 
S21 at 1.9 GHz is just -12 dB which is worse than the top one. The difference of S21 
for the two different positions is attributed to the open ends of PIFAs close to top edge 
and more current propagate along the top edge. In Figure 3.29, a large amount of 
current are widely spread on the ground plane, resulting in a high mutual coupling 
between the antennas. 
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(b) 
Figure 3.29 (a) Current distribution and (b) Current flow on the ground plane when 
the slit is etched close to bottom edge   
 
3.4.2 Dual Convoluted Slits on Ground Plane 
 
  The previous study showed that the single convoluted slit which is placed at the top 
side succeeded in reducing the mutual coupling. In order to further reduce the mutual 
coupling, two convoluted slits are etched on the ground plane as shown in Figure 
3.30. A series of studies such as the length, width and position of the two slits will be 
presented. The optimized dimensions of the proposed convoluted slit are: L1=6mm, 
L2=14mm, L3=5mm. The L4 will be optimized to make the slits resonate within the 
desired operating frequency band of the PIFAs.   
 
Figure 3.30 Proposed miniaturised convoluted slits 
 
  Figure 3.31 illustrates the simulated mutual coupling (S21) accompanied by the 
alteration of slit length. As the length of L4 increases from 9.4mm to 12.4mm, the 
minimum of S21 which corresponds to the resonance of the slit shifts from 2 GHz to 
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1.86GHz while their minimums of S21 are below -24dB. Figure 3.32 illustrates the 
simulated return loss (S11) of antenna 1 with different slit lengths. All their resonated 
frequencies of PIFA are around the desired frequency (1.9GHz), regardless of the 
alteration of slit length. Finally, the most satisfactory result of L4 is 11.4mm to make 
the slits resonant at 1.91GHz. In fact, the two convoluted slits also resonate at other 
frequency about 5.2GHz which is far away from the desired frequency 1.9GHz.   
 
Figure 3.31 Mutual coupling (S21) of antenna array for different slit lengths 
 
Figure 3.32 Return Loss (S11) of antenna 1 for different slit lengths  
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  In the previous simulations, the convoluted slits are placed at the middle of the wider 
edge. In order to investigate the effect of slit positions, the two convoluted slits are 
employed, having different positions on the ground plane. The slits are constantly 
smooth shifting along the X axis along two different directions: in the opposite 
direction in Figure 3.33(a), and in the same direction in Figure 3.33(b). The slits are 
shifted by 0mm, 16mm, 24mm, 36mm, 44mm, and 60mm respectively. When the slits 
are shifting along the opposite direction, the resonance of the slit shifts to lower 
frequencies with the slits close to each other, as shown in Figure 3.34(a). When the 
two slits move along the same direction, all S21 minimums corresponding to the 
resonance of the slit are below -23dB around the desired frequency (1.91GHz), except 
in one position (M=60mm), as shown in Figure 3.34(b). The proposed convoluted 
slits do not significantly lose their bandwidth with different positions on the ground 
plane. The reason for the production of the different results in the two motion 
directions will be explained below. However, these results are encouraging since the 
miniaturised convoluted slit structure can maintain a good performance for reducing 
mutual coupling at most of positions along the wider edges of the ground plane. It is 
well suitable for the design for a compact handset. 
 
(a) 
 
(b) 
Figure 3.33 Slits shift along the x-axis in (a) opposite direction, (b) same direction 
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  (a) 
 
(b) 
Figure 3.34 Mutual coupling (S21) of antenna array when slits shifted along the x-axis 
in (a) the opposite direction, (b) the same direction 
 
  After the length and width of the slits are optimized, placing these two convoluted 
slits at the middle of the ground plane, the simulated S-Parameter of antenna array is 
depicted in Figure 3.35. In comparison to the case of the PIFA array without slits 
shown in Figure 3.17, a sharp transmission minimum is obtained at 1.92GHz, while 
the S21 reduced to -27dB. Simulations have shown that inserting a second convoluted 
slit opposite the first one, produces virtually no changes to the resonant frequency of 
slits. The significant further reduction of the mutual coupling in the presence of two 
convoluted slits is attributed to the nature of the slits’ resonances, which is 
investigated in following text by inspecting surface currents and the magnetic fields. 
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Figure 3.35 S-parameters of the PIFA array with the convoluted slits 
   
  The current flows on the ground plane at the resonant frequency of the proposed slits 
are presented in Figure 3.36. As is evident, the two slits are able to trap most of the 
current on the ground plane. Although the slits are close to the edges and take up little 
space on the ground plane, there is very little current flowing across the space 
between the slits. On the top slit, current flows around the slit in a clockwise direction. 
In contrast, on the bottom slit, the current is anti-clockwise. This creates strong 
magnetic fields of opposite direction normal to the two slits. The magnetic fields in 
the plane which are normal to the ground and crossing the centres of the two slits is 
plotted in Figure 3.37. It is evident that due to the opposite directions of the magnetic 
fields through the two slits, a magnetic field loop is formed between the two slits. This 
is a clear indication of the magnetic coupling that is established between the two 
proposed slits and further enhances the resonances, resulting in the sharp minimum in 
the S21 response. It also presents the reasons why the resonances of convoluted slits 
are anchored around the desired frequency when they are constantly smooth shifting 
along the same direction as shown in Figure 3.34(b) 
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Figure 3.38 Simulated total efficiency of antennas 
 
 
3.4.3 Fabrication and Measurement  
 
  A prototype of the configuration employing the two convoluted slits has been 
fabricated in order to experimentally validate the proposed design, as shown in 
Figure3.39. The measured S-parameters without and with the proposed slits are also 
presented in Figure 3.40 for comparison. These results validate that, in the presence of 
the convoluted slits, a minimum is obtained in the mutual coupling between the two 
antennas, at exactly 1.92GHz corresponding to the resonance of the proposed slits. 
The PIFAs’ resonances are very slightly shifted. These minor discrepancies are due to 
fabrication imperfections in the manual soldering of the feeding and shorting pins of 
the PIFAs. Nevertheless, at the resonance of the slits (1.92GHz) both antennas are 
well matched (S11< -10 dB and S22 < -10 dB) and the mutual coupling drops to          
-26dB. Furthermore, the measured S21 between the antennas in the proposed design is 
significantly reduced, as compared to the original design, for the whole operating 
bandwidth of the PIFAs.  
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Figure 3.39 Prototype of antenna system using the proposed slitted ground plane 
 
 
(a) 
 
(b) 
Figure 3.40 Measured S-parameters of antenna array (a) without slit, (b) with slit 
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  The antenna radiation efficiency has been assessed experimentally using the Wheeler 
cap method [14] and the total efficiency η௧௢௧was calculated from equation (3.2) using 
the measured S-parameters. A prototype of the PIFA system employing the two 
convoluted slits has been measured to experimentally validate the proposed properties 
of convoluted slits, as shown in Figure 3.41. The measured total efficiency values in 
the presence of the optimized slits are 90% for PIFA1 and 88% for PIFA2 which are 
in agreement with the simulations. Without the slits the total efficiency was measured 
80% shown in Figure 3.42. In comparison to the simulated results shown in Figure 
3.39, the measured total efficiency of the antenna array without the slits has a 
reduction from 86% to 79.5% at the resonance of the antennas.  
 
Figure 3.41 PIFA array within a wheeler cap [14] 
  
Figure 3.42 Measured total efficiency of antennas with and without slits 
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  A novel approach for reducing the electromagnetic coupling between two PIFAs has 
been presented. The proposed technique is based on the insertion of miniaturized 
convoluted slits close to the edges of the ground plane. The dimensions of the 
convoluted slits have been optimised using full-wave simulations. A transmission 
minimum was obtained by virtue of the resonance of the slits resulting in a significant 
reduction of the mutual coupling across the operating bandwidth of the antennas. The 
magnetic fields and surface currents on the ground plane were studied, validating the 
nature of the slits’ resonance. 
 
3.4.4 Effect of Human Body on Radiation Properties of PIFAs 
 
 
  In personal communications, the electromagnetic interaction between built-in mobile 
phone antennas and nearby biological body is a key consideration [15]. Some of the 
literature demonstrates that the interaction will significantly degrade the antenna 
radiation pattern and other characteristics [16, 17]. The miniaturized convoluted slit 
structure etched on the ground plane is proposed to reduce the effect of human body 
on the radiation properties of antenna while achieving a minimum mutual coupling 
between antenna array elements. A dual-element PIFA array with two convoluted slit 
will be evaluated when a box model of a human hand or head are relatively close to 
the antenna system.  
 
  In order to simulate the effect of a hand on the dual-element PIFAs array, the hand 
model was modelled by the one box model. The model is characterized by 
permittivity epsilon equal to 38.63, the loss tangent is 0.008, and conductivity S=1.21 
S/mଶ. The configurations of PIFAs and convoluted slits are the same as the case in the 
previous section. The box model of the hand is placed above the PIFA system with the 
overall dimensions 60mm×60mm×20mm as shown in Figure 3.43. In order to present 
the effect of a hand on a dual-element PIFA array with two convoluted slits, the 
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hand(box model) is placed increasingly close to the antenna system at smaller 
distances S from the the radiating patch of the PIFA. 
 
Figure 3.43 Simulated model of a hand on the ground plane with two PIFAs  
 
  The effect of a hand on the performance of the dual-element PIFAs array without the 
convoluted slit is initially presented. The hand (box model) is right above the ground 
plane and higher than the antenna radiating patch by 5mm on the Z-axis, owing to the 
practical situation such as the case of the handset or something else. In order to 
simulate a real hand holding a mobile phone, the hand (box model) is placed by 
increasing the smaller distances S from the the radiating patch of PIFA along the       
Z-axis. 
 
  After a series of simulations with increasing distance(s) from 5mm to 50mm, Figure 
3.44(a) shows the return loss of the antenna 1 with a conventional ground plane held 
by a human hand for different distances. It is noted that the resonance of the antenna 
shifts towards lower frequencies with the hand (box model) close to the PIFA array. It 
is caused by the high permittivity object (hand) close to the antenna array [18]. The 
hand model reflects more energy transmitted from antennas to the ground plane. The 
mutual coupling between the two PIFAs, shown in Figure 3.44(b), is over -10dB at the 
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resonant frequency of antennas for all distances between the hand (box model) and the 
PIFA radiating patch.  
 
(a) 
 
(b) 
Figure 3.44 (a) Reflection coefficient(S11) of antenna 1 and (b) Mutual coupling(S21) 
of the antenna system with a conventional ground plane in the presence of the hand at 
different distances S from the antenna 
 
  After the miniaturized convoluted slits are inserted in the ground plane, with the 
PIFA array held by a human hand, the simulated return loss and mutual coupling of 
the antenna system for different distances are presented in Figure 3.45. In comparison 
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to the case without the convoluted slits in Figure 3.44, the resonant frequencies of the 
antenna 1 are constantly around the desired frequency. Meanwhile, the mutual 
coupling between the antenna array elements shows a significant reduction for all 
distances below -22dB at the resonance of the antenna. These results demonstrate that 
miniaturized convoluted slits produce a good isolation, whether the mobile handset is 
in free space or held by a hand. It also illustrates that the proposed convoluted slits 
succeed in reducing the PIFA array detuning from a hand. 
 
 (a)   
 
(b) 
Figure 3.45 (a) Reflection coefficient (S11) of antenna 1and (b) Mutual coupling 
(S21) of the antenna system with the convoluted slit in the presence of the hand at 
different distances S from the antenna 
-25
-20
-15
-10
-5
0
1.6 1.7 1.8 1.9 2 2.1 2.2
S=5mm
S=15mm
S=30mm
S=50mm
S1
1 
(d
B)
Frequency(GHz)
-40
-30
-20
-10
0
1.6 1.7 1.8 1.9 2 2.1 2.2
S=5mm
S=15mm
S=30mm
S=50mm
S2
1(
dB
)
Frequency(GHz)
79 
 
  Since a mobile phone is relatively close to the head when a user is on the phone, one 
homogeneous box model of the head is proposed. The head box model is placed at the 
back of the ground plane with the overall dimensions 200mm×150mm×50mm, as 
shown in Figure 3.46. The model is characterized by permittivity epsilon equal to 
38.63, loss tangent is 0.008 and conductivity S=1.21S/mଶ. In order to present the 
effect of the hand and head on a dual-element PIFA array with two convoluted slits, 
the head (box model) was placed relatively close to the antenna system at increasingly 
smaller distances S from the ground plane along the Z-axis. It should be noted that the 
distance is defined as the separation between the ground plane and the head surface. 
The hand (box model) is right above the ground plane and higher than the antenna 
radiating patch by 5mm on the Z-axis, owing to the practical situation such as the case 
of a handset or something else. The head model is 5mm apart from the ground plane 
and has a rotation angle with respect X-axis equal to 10 degree, which approximates 
the posture in which people use a mobile handset.  
 
Figure 3.46 Simulated model of hand and head with two PIFAs in the presence of the 
proposed convoluted slits 
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  After performing simulations with increasing distance(S) from 5mm to 50mm, the 
simulated return loss of the PIFA array with a conventional ground plane held by a 
human hand close to the user’s head is presented in Figure 3.47(a). Due to the 
detuning occurring, as a result of the coupling of the human body’s high permittivity, 
the resonance of the antenna shifts towards low frequencies with the head (box model) 
close to the ground plane. The mutual couplings between two PIFAs, shown in Figure 
3.47(b), are over -8dB at the resonant frequency of antennas for all distance (S). 
 
(a) 
 
(b) 
Figure 3.47 (a) Return loss (S11) of antenna 1 (b) Mutual coupling (S21) of the 
antenna system with a conventional ground plane in the presence of the head at 
different of the antenna system distances S from the ground plane 
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  After the miniaturised convoluted slits are inserted in the ground plane, with the 
PIFA array held by a human hand close to the head, the simulated return loss and 
mutual coupling of the antenna system for different distances between the head and 
the ground plane are presented in Figure 3.48. In comparison to the case without the 
convoluted slits in Figure 3.47, the resonant frequencies of the PIFA are constantly 
around the desired frequency 1.9GHz. Meanwhile, the mutual coupling between 
antenna elements reduces to below -25dB for all distances.  
 
(a) 
 
(b) 
Figure 3.48 (a) Return loss of antenna 1 (b) Mutual coupling of the antenna system 
with two convoluted slits in the presence of the head at different distances S from the 
ground plane 
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  When any high permittivity objects (hand or head) are close to the antenna array, 
they will reflect the energy transmitted from antennas back to ground plane and 
produce additional current between antenna elements. The additional current increases 
the mutual coupling and affects antenna performance. After the proposed slits are 
employed, they suppress the current flowing on the ground plane between antennas. 
These results demonstrate that miniaturized convoluted slits produce a significant 
reduction of the mutual coupling and have the potential to isolate between the 
antennas and the human body, whether the mobile handset is in free space or close to 
the human body. 
 
3.5 Single Convoluted Slit between Closely-Packed PIFAs  
 
  The preceding simulated and measured results have presented the miniaturized 
convoluted slits producing a significant reduction of the mutual coupling within the 
operating band of the antennas. However, for very close placed PIFA array elements, 
the reduction of mutual coupling becomes even more challenging. This section 
proposes one miniaturised slit etched on the common ground plane between two 
closely packed PIFAs for mutual coupling reduction.  
3.5.1 A Single Slit on Ground Plane 
 
  Two PIFAs are placed on a compact common ground plane with dimensions 
100×40mmଶ, printed on a 1.2mm-thick FR-4 dielectric substrate (εr=4.5). Each of the 
two single-band PIFAs is designed to operate from 1.7-2.1GHz. The antenna 
configuration is depicted in Figure 3.49 (a) and the two-PIFA array without the slit is 
present in Figure 3.49 (b). The mutual coupling between the two PIFAs is calculated 
using 3D full-wave simulation software and is found to have a maximum value of 
S21= -7.6dB at approximately the central operating frequency of the antennas as 
shown in Figure 3.50 (a).   
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  The proposed convoluted slit is inserted in the ground plane. It is etched between the 
two PIFAs and close to the short edge of the ground plane as shown in Figure 3.49 (c). 
Even in the presence of the slit, the mutual coupling between the PIFAs can still be 
over -10dB, unless the slit dimensions are optimised carefully. The proposed slit has 
two important parameters: the width and total length of the slit. 
 
Figure 3.49 Array of closely-packed PIFAs positioned on a 100x40mm ground plane. 
(a) PIFA geometry (b) Array without slit (c) Array with proposed optimized 
convoluted slit 
 
  To observe the effect of the two parameters, the total length of the slit is simulated 
from 31mm to 33m. As the length increases, the S21 minimum, which corresponds to 
the resonance of the slit, shifts from a higher frequency to a lower frequency, as 
shown in Figure 3.50 (b). An optimised total length of 32mm is found for the resonant 
frequency of the slit of about 1.9GHz. The effect of the width dimension has also been 
studied in simulations and shown in Figure 3.50(c). With the width of the slit 
decreasing from 2mm to 0.5mm, the resonant frequency of S21 decreases from a 
higher frequency to about 1.9GHz when the width is 1.6mm. Then the resonant 
frequency increases again with the slit width decreasing. So the width is optimised at 
1.6mm in order to resonate within the operating frequency range of the PIFAs. The 
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optimised geometry structure as shown in Figure 3.49(c) is: L1=6mm, L2=14mm, 
L3=4mm and L4=8mm. The total length is 32mm, which is approximately a quarter 
of the guided wavelength. By optimising the geometry of the slit, the S-parameters 
results are shown in Figure 3.50(d). The mutual coupling was reduced from -7.6dB 
without the slit to -17.6dB with the slit, at 1.895GHz. This frequency is well within 
the operating frequency bands of the PIFAs. The optimized convoluted slit slightly 
affects the input reflection coefficient of the two PIFAs due to its close proximity, and 
the resonant frequencies of the antennas exhibit a slight shift. However, both antennas 
remain well matched at the frequency where the slit resonates (1.895GHz). 
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(c) 
 
(d) 
Figure 3.50 Simulated (using CST MWS) S-parameters of the two-element PIFA array 
with (a) no slits, (b) S21 with slit of different total length, (c) S21 with slit of different 
width , (d) optimised slit inserted on the common ground plane 
 
  After the parametric studies and optimisation of the slit, the current distribution is 
studied. The plot of current distribution on the surface of the ground plane is shown in 
Figure 3.51, at the resonant frequency of the slit (1.895GHz). The current appears at a 
maximum around the slit, which is due to its resonance and it traps most of the energy. 
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Less current is propagating across the slitted pattern from one antenna to the other, 
resulting in the reduction of mutual coupling between the two PIFAs.  
 
Figure 3.51 Current flow and distribution and current on ground plane 
 
  The correlation coefficient between the two antennas in the presence of the slit has 
also been calculated using equation (2.9) [19]. Both cases, namely the PIFA array with 
an optimised convoluted slit and without slit, are shown in Figure 3.52. In comparison 
to the original design of a dual-element PIFA array on a conventional ground plane, 
the correlation coefficient is significantly reduced around the resonant frequency of 
PIFAs, with a minimum value of less than 0.071, after the proposed convoluted slit is 
inserted in the ground plane.  
 
Figure 3.52 Correlation coefficient between two PIFAs on different ground planes 
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  The radiation patterns of the proposed structure at the resonant frequency are 
presented in Figure 3.53. The radiation patterns in the presence of the proposed 
convoluted slit are only slightly different than for the array system without the slit. 
Moreover, the patterns produced by PIFA1 and PIFA2 are slightly different due to the 
asymmetrical shape and positioning of the slit with respect to the antennas. The losses 
introduced by the resonance of the slit have also been studied. The radiation efficiency 
of the original array structure is 98.37% and reduces to 92.05% in the presence of the 
slit. It is evident that although the radiation efficiency slightly reduces in the presence 
of the slits, the total efficiency calculated from equation (3.2) is higher, due to the 
reduced S21 and hence there is reduction of the power which is coupled from one 
PIFA to the other. At 1.9GHz the total efficiencies are approximately 86.4% and 
88.2% with the slits and 68% without the slits.  
 
(a) 
 
(b) 
 
(c) 
Figure 3.53 Simulated radiation patterns of a) the original array configuration when 
PIFA1 is excited and b) the array with the slits, when PIFA1 is excited, c) the array 
with the slits, when PIFA2 is excited 
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3.5.2 Fabrication and Measurement of Proposed Structures 
 
  Two prototypes of the proposed configuration (the original array and one with the 
convoluted slit) have been fabricated and measured in order to experimentally validate 
the proposed scheme, as shown in Figure 3.54. The measured S-parameters in the two 
cases are depicted in Figure 3.55.  
 
  In the original structure, the measured maximum mutual coupling (S21) is -9dB. By 
employing the proposed optimised slit, the mutual coupling between the two antennas 
drops to -44dB at 1.925GHz instead of the simulation frequency 1.9GHz. The antenna 
resonances are also slightly shifted with respect to the simulations. The accuracy of 
the measurements is dependent on multiple factors, such as the cable connection, the 
bending of materials, and the construction technique of the prototype (in this case it 
was handmade). However, at the resonance of the slits (1.925 GHz) both antennas are 
matched. The mutual coupling drops below -40 dBs at 1.925GHz, and assumes values 
well below -15dBs over the PIFAs operating bandwidth. The measurement results 
validate the simulation predictions and the operation of the proposed optimised 
convoluted slit. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.54 Prototype system using the proposed slitted ground plane 
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(a) 
 
(b) 
Figure 3.55 Measured S-parameters for the two-element PIFA array  
(a) without slit (b) with optimised slit 
 
3.5 Summary 
 
 
  A novel approach for reducing the electromagnetic coupling between two close 
spaced PIFAs, which are built in a ground plane for a compact handheld device, has 
been presented. The proposed technique is based on the insertion of two quarter-
wavelength linear slits on the ground plane between the antennas. The slit length and 
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the distance between two slits have been optimised using full-wave simulations, 
resulting in a magnetic type resonance of the two slits. The fields and currents on the 
ground plane were studied, validating the nature of the slits resonance. A transmission 
zero was inserted in the coupling path of the two PIFAs, resulting in significant 
reduction of the mutual coupling to values well below -20 dB across the operating 
bandwidth of the antennas. Finally, the effect of the slits on the radiation performance 
of the antenna array was studied and presented. 
 
  In order to take up less space on the ground plane, novel miniaturized convoluted 
slits are presented. Although the proposed slits have a small footprint and are 
positioned close to the edges of the ground plane thereby occupying very little space, 
there is very little current flowing across the space between the two convoluted slits. A 
transmission minimum was obtained by virtue of the resonance of the slits resulting in 
significant reduction of the mutual coupling across the operating frequency of the 
antennas. The miniaturized convoluted slit structure etched on the ground plane is also 
employed to reduce coupling of the human body (head and hand) to the antennas 
while achieving low mutual coupling between antenna array elements when the 
mobile phone is being held by a user’s hand. 
 
  The miniaturized convoluted slit is presented to reduce the mutual coupling between 
two closely packed PIFAs on a compact ground plane in handheld devices. The shape 
and width of the slit have been optimised. Although occupying very little space on the 
ground plane, the single convoluted slit traps most of the surface current excited from 
the PIFAs and reduces the mutual coupling significantly across the operating 
frequency of the antennas. Surface currents plots have been presented in order to 
establish the nature of the slit resonance. A fabricated prototype has been 
experimentally measured and the results confirmed the simulation predictions and the 
operation of the proposed slit. 
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Chapter 4 
 
Slit-Patch EBG Structures on compact wireless 
terminals 
 
 
 
 
 
4.1 Introduction 
 
 
  The design of miniaturized convoluted slit structure, built on a compact ground plane 
for typical handheld devices, has been presented in Chapter three. The convoluted slit 
structures have succeeded in producing a significant reduction of the mutual coupling 
across the operating frequency band of the PIFAs. Although the proposed convoluted 
slits are much smaller than the linear slits, their dimensions still need to be further 
miniaturized to economise the valuable area on PCB in practical applications such as 
space-limited wireless terminals [1]. Recently, a novel miniaturized Complementary 
Metallodielectric Electromagnetic Band Gap (CMEBG) structure was presented to 
suppress surface wave propagation and to offer a small structural footprint thereby 
occupying very little space on a compact ground plane [2]. In this chapter, double 
94 
 
layer EBG structures, consisting of conducting elements and apertures placed on 
either side of a very thin supporting dielectric substrate, are proposed to reduce the 
mutual coupling, produce maximum miniaturization of the antenna module and widen 
the bandwidth for the band gap region [3-5]. 
 
  In comparison to the conventional single layer aperture structures presented in 
Chapter three, the significant difference is that the new coupled EBG structures place 
one layer of the conducting patches in close proximity to the existing aperture layer 
etched on the ground plane [6, 7, 8]. Due to the high coupling between the elements, 
the effective electrical size of the complementary structure increases. As a result, the 
band gap shifts towards lower frequencies [3, 9]. The linear slit structures based on 
two coupled quarter-wavelength slits has been presented to reduce the mutual 
coupling between two PIFAs on a typical handheld device ground plane in Chapter 
three. However, due to their length, they occupied a relatively large area of the ground 
plane between the two antennas, which is impractical in many realistic designs of 
handheld devices. Therefore, the novel double-layer slit-patch EBG structures are 
proposed for producing maximum miniaturization of the linear slits on ground plane.  
 
  In this chapter, the concept of Coupled Electromagnetic Band Gap is introduced. A 
50Ω microstrip line is printed on a thin polyester dielectric sheet and placed at the top 
of a rectangular grounded substrate. Some slits are etched on ground plane. Another 
thin dielectric sheet underneath the ground plane supports the conducting patches. The 
transmission response of the microstrip line is obtained from 3D electromagnetic 
simulation software. Subsequently, after the slit-patch structures are optimized, a 
dual-element CPW-fed printed monopole antenna array operating at 2.44GHz is 
studied to further evaluate the electromagnetic properties of the proposed double-layer 
EBG structure. Moreover, the double-layer structure reduce mutual coupling between 
two UWB planar monopoles array and significantly reduce the size of antenna array. 
The prototypes of different structures were fabricated and measured. The good 
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agreement between simulations and measurements demonstrates that the application 
of the proposed slit-patch EBG structures significantly reduces the mutual coupling 
between closely spaced antennas. Based on this, the separation between MIMO 
antenna elements is dramatically reduced to miniaturise the dimension of the whole 
antenna module. 
 
 
4.2 Theory and Geometry of Double Layer EBG 
 
 
  As discussed in Chapter two and Chapter three, the mutual coupling between the two 
antennas, which degrades the performance of the antenna array, is mainly caused by 
the current flow on the ground plane. Although the conventional EBG structures are 
able to supress surface current, they are unsuitable for the design of compact wireless 
terminal devices because of their relative large volume [10, 11]. The proposed novel 
double-layer slit-patch EBG structure is proposed to reduce the size of the structure on 
ground plane. It consists of a two-layer structure with conducting patches and aperture 
slits placed on either side of a very thin dielectric layer, as shown in Figure 4.1(a). 
The aperture is rotated 90଴with respect to the conducting patch shown in Figure 
4.1(b). All the elements are polarized with the electric field [6]. Due to the strong 
electromagnetic coupling between the two layers elements, the effective electrical 
length of the double layer structure increases, resulting in the resonant frequency of 
the slit-patch structure decreasing [7].  
 
  The proposed double-layer structure can be described as a parallel circuit consisting 
of capacitive and inductive loads to better understand its mechanism shown in Figure 
4.1(c). The parallel LC circuit can be used to be described as a unit cell (single 
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resonator) of the structure and will produce a stop-band effect in the resonant 
frequency range. The resonant frequency is derived as [4]:  
 
f = னଶ஠ =
ଵ
ଶ஠√୐େ                                                    (4.1)  
  where L is the inductance and C is the capacitance predominantly formed by two 
closely spaced parallel conducting plates (conducting patches and ground plane). The 
estimate of capacitance is made according to [1]: 
C = ε୰ε଴ ୅ୢ                                                   (4.2) 
  where A is the overlap area of the double layer slit-patch structure, ε௥ is the relative 
static permittivity, ε଴ is the free space permittivity and d is the separation between the 
two parallel plates(conducting patch and ground plane). In order to further reduce the 
resonant frequency of the slit-patch structure, the capacitance of the slit-patch 
structure is increased through using two methods: reducing the separation between the 
two layers, or increasing the overlapping area. The separation (d) between the two 
layers retains a very small value (0.055mm) for all geometries in this thesis. Also, 
when the width of the conductor patches increases, the overlap area A will increase, 
and the capacitance will assume higher values. As a result, the resonance is expected 
to move towards lower frequency. So the band gap could be shifted by enlarging the 
width of the conductor patches. The bandwidth can be calculated from the formula 
given below:  
BW=		ଵ୕ =  
ටైి
			ටಔబ಍బ
                                            (4.3) 
  When the overlapping area between the conducting patches and the ground plane is 
increased, the bandwidth is decreased because the capacitance increases. Therefore, 
the stop-band bandwidth is expected to decrease by increasing the overlap area. The 
equivalent circuit description gives a good qualitative insight but does not model the 
response of the proposed structures accurately. This is largely due to the compact size 
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of the ground plane and the complicated geometries and strong coupling of the slit-
patch structures.  
 
(a) 
 
(b)                                                   (c) 
 
   Figure 4.1(a) The slit-patch EBG structure, (b) Complementary dipoles schematic and 
(c) Equivalent circuit of slit-patch EBG structure 
 
 
4.3 Microstrip Line Excitation  
 
 
  The configuration of the double layer slit-patch EBG structure is depicted in 
Figure4.1. The resonant frequency of the double layer slit-patch structures is very 
sensitive because of the strong coupling in the small separation region. In this section, 
we initially use a microstrip line excitation as an efficient way, compared to any 
complex antenna array, for analysing the stop-band/band gap properties of the 
proposed slit-patch structure and hence optimise their geometries.  
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  The microstrip line is printed on a 100×40mmଶ, 1.55 mm thick, FR-4 dielectric 
substrate (εr=4.5) backed by a copper ground plane. One linear shaped slit is inserted 
in the common ground plane. The dimensions of the slit (15mm length and 1.6mm 
width) are optimised to resonate around 3.3GHz. The configuration of this structure is 
depicted in Figure 4.2. 
 
  In order to investigate the specifications of the proposed double-layer slit-patch 
structure, a series of studies are presented. The first parametric study is to validate the 
effect of the proposed structure. The simulated transmission response (S21) is shown 
in Figure 4.3. The cut-off frequency (-10dB) emerges at 2.85GHz and extends up to 
4.55GHz when a single linear slit is etched on the ground plane. After one thin 
conducting patch (4mm length and 0.4mm width) is printed on a very thin substrate 
(εr=3)  of 0.055 mm which positioned in the middle of the linear silt and close to the 
ground plane, the band-gap of S21 shifts towards to lower frequency. And the 
absolute bandwidth (-10dB) of S21 decreases from 1.7GHz to 0.8GHz. These 
simulated results are perfectly in agreement with the trends predicated on the circuits 
analysis presented in last section.  
 
 
Figure 4.2 Geometry of one slit-patch EBG structure excited by microstrip line  
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Figure 4.3 S21 of slit-patch EBG structure with and without the conducting patch 
 
  As mentioned above, the effective electrical size of the slit-patch EBG structure 
increases as the overlapping area increases. It causes the band gap to shift towards a 
lower frequency. On the basis of keeping the resonant frequency of the proposed 
structure around the desired operating frequency of the antenna, the dimension of the 
slit etched on the ground plane could be miniaturised by increasing the area of the 
conducting patch. It will take up less valuable area on the PCB and avoid affecting the 
other electronic components installed on ground plane. So, the second parametric 
study is the alteration of the conducting patch width for enlarging the overlapping area. 
It will directly increase the capacitance of the slit-patch EBG structure. The reduction 
of band-gap frequency and bandwidth ensues. The simulated transmission response 
(S21) of the proposed structure accompanied by the alteration of the conducting patch 
width was illustrated Figure 4.4.  
 
  The length of the conducting patch is defined as 4mm. The cut-off frequency of the 
band-gap is defined at -10dB in this thesis. The cut-off frequency emerges from 
2.05GHz to2.68GHz when the width of the conducting patch is 0.5mm. It produces an 
absolute bandwidth of 0.63GHz. When the width increase to 1mm, the band gap shifts 
towards a lower frequency and emerges from 1.73 GHz to 2.17GHz. When the width 
of the patch is 1.5mm, the band gap emerges from 1.53GHz to 1.87GHz. Finally, 
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when the width of the patch increases to 2mm, the absolute bandwidth is just 
0.29GHz from 1.42GHz to 1.71GHz. The presented results are in agreement with the 
conclusion from the theoretical analysis. 
 
Figure 4.4 S21 of slit-patch EBG structure with different width of conducting patch 
 
  Although the band gap shifts towards a lower frequency with increasing the 
overlapping area of the slit-patch structure, the absolute bandwidth also decreases too. 
In order to overcome this limitation, multiple double-layer slit-patch EBG structures 
are proposed to obtain the desirable bandwidth from the relatively small structures, as 
shown in Figure 4.5. Two or three identical proposed slit-patch structures are placed 
on the ground plane. The periodicity of the resulting EBG structure D is 5mm, and the 
geometry of each unit cell is the same as before. 
 
Figure 4.5 Multiple double-layer slit-patch structures with periodicity (D=5mm)  
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  Figure 4.6 illustrates a comparison of simulated data (S21) for one, two and three 
slit-patch structures respectively. When the number of the slit-patch EBG structures 
increases, the lower cut-off frequency of the band gap slightly decreased, and the 
upper band gap extended to a higher frequency as the number of slit-patch structures 
increased. It is evident that the absolute bandwidth increases considerably with 
increasing numbers of slit-patch unit cells. The bandwidth (-10dB) of three slit-patch 
structures is about three times wider compared to the one slit-patch unit cell. These 
simulated results are encouraging since the slit-patch EBG structures are able to 
support an expected broadband with an increase their number. 
 
Figure 4.6 S21of multiple double-layer slit-patch structures 
 
4.4 Printed CPW Monopoles with Slit-Patch Structure 
 
  In the previous section, the proposed slit-patch EBG structures have been presented 
to shift the band gap towards low frequency with increasing the width of the 
conducting patch. Multiple identical slit-patch EBG structures were employed to 
extend the bandwidth of the transmission response. In order to illustrate the versatility 
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of the double-layer slit-patch EBG structure, this structure is employed for the 
reduction of mutual coupling of modern, compact and widely used antenna 
configurations.  
 
  Printed CPW (coplanar waveguide) fed monopoles have been widely used for many 
mobile communication standards such as GSM (900 MHz), DCS (1800 or 1900MHz), 
UMTS, etc [12, 13]. In this section, the proposed slit-patch EBG structures are 
implemented with a dual-element printed CPW-fed monopole array operating at 
2.44GHz. In order to reduce the size of the printed CPW monopole and obtain broader 
bandwidth, a U-shape slot is etched on the radiating element of the proposed antenna 
as shown in Figure 4.7. The radiating element is fed by a 50Ω coplanar waveguide 
line of 1mm width. Both of them are printed on a 60x50mmଶ, 1.5 mm thick, FR-4 
dielectric substrate (εr=4.5).  
 
Figure 4.7 Geometry of one U-shape slot printed monopole  
 
  After the simulations, the dimensions of the printed monopole are optimized as 20 
mm length and 12mm width, thus making the antenna operate within the desirable 
frequency range. The width of the U-shaped arm is 2mm. The gap between the 
radiating element and the ground plane remains constant at 1mm for all geometries. 
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The simulated S11 of the proposed printed monopole is shown in Figure 4.8. The 
resonance of the printed monopole is at 2.44GHz. The simulated bandwidth (-10dB) 
is 140MHz from 2.36GHz to 2.5GHz. And, two identical printed CPW-fed monopoles 
will be implemented on the ground plane to form part of a MIMO system. 
 
Figure 4.8 Simulated S11 of proposed printed monopole 
 
 
(a)                                                                    (b) 
Figure 4.9 (a) The configuration and (b) Experimental model of the dual element 
printed monopole antenna array  
 
  Based on the configuration and dimension of the single antenna element, a dual-
element printed monopole array was simulated and fabricated. The antenna array is 
placed on a substrate with size of 60x50mmଶ , as shown in Figure 4.9. The two 
antennas are placed only 14mm (0.11λ, λ=127mm) apart on the substrate. The 
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dimensions and other relevant positions of the printed monopoles are the same as the 
single antenna shown in Figure 4.7. A prototype of the simulated dual-elements 
antenna system has been fabricated and measured in the laboratory at Loughborough 
University. 
 
  The simulated and measured S-parameters of the dual-element antenna array are 
shown in Figure 4.10. It is noted that the reflection coefficients (S11 and S22) of two 
printed monopoles are very similar due to the two antennas being completely 
symmetrical on the substrate. The resonance frequencies of S11 and S22 have a slight 
shifting (less than 20MHz) between measured and simulated results. The reason for 
the difference between simulations and measurements will be explained below. The 
mutual coupling (S21) between printed monopole array elements is about -14dB in 
both simulation and measurement at the resonant frequency of the antenna, due to the 
small separation between the two monopoles.  
 
 
Figure 4.10 Simulated and measured S-parameters of the dual-elements antenna array 
with a conventional ground plane 
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  The current flow and distribution on the ground plane at the resonant frequency 
2.44GHz was obtained from the simulation software, as shown in Figure 4.11. It is 
evident that strong currents propagate along the top edge of the ground plane between 
the two monopoles. This is the main factor that produces high mutual coupling 
between closely spaced printed monopoles.  
 
 
Figure 4.11 Current flow and distribution on the ground plane induced at 2.44GHz 
 
  The small, low-profile printed monopoles have been widely studied and 
implemented for cellular communication and PCS such as tablet PC, laptop, etc. 
When the manufacturers build one MIMO antenna array into compact portable 
devices, they want the antennas intergraded into a compact module while having low 
mutual coupling and correlation between the antenna elements for obtaining good 
diversity performance and high channel capacity. Due to the small separation between 
antenna elements, high mutual coupling will seriously degrade the performance of 
antenna system. In order to produce a significant reduction of the mutual coupling 
between antennas and miniaturise the antenna array, the proposed slit-patch EBG 
structure will be mounted on the ground plane between two printed CWP-fed 
monopoles. The dimensions of the antenna elements are exactly the same as before. 
The configuration of the antenna array with one slit-patch EBG structure and the 
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corresponding experimental model is presented in Figure 4.12. The slit-patch structure 
consists of conducting patches and linear slits placed on either side of a very thin 
(55μm) dielectric layer. The optimized dimensions of the linear slit etched on the 
ground plane are 9.65mm length and 1mm width. The conducting patch has 
dimensions 6mm length and 3mm width. A prototype based on the simulated dual-
element antenna array with one slit-patch EBG structure has been fabricated.   
 
 
(a)                                                                     (b) 
Figure 4.12 (a) The configuration and (b) Experiment model of the dual element 
antenna array with one slit-patch EBG structure 
 
Figure 4.13 Simulated and measured S-parameters of the dual-element antenna array 
with one slit-patch EBG structure 
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  The simulated and measured S-parameters are depicted in Figure 4.13. The measured 
resonant frequencies of antennas (S11 and S22) are at 2.465GHz, which are slightly 
lower (20MHz) than the simulated results. These minor discrepancies are due to the 
fabrication imperfections in the manual soldering of the feeding ports. The measured 
bandwidth (-10dB) of S11 and S22 are less than the simulation results. After one slit-
patch EBG structure is implemented between two printed monopoles, a minimum is 
obtained in the mutual coupling (S21) between the two antenna elements, at exactly 
2.485GHz corresponding to the resonance of the proposed slit-patch structure. The 
modified slit-patch structure produces isolation better than -24dB in both simulation 
and measurement. The reason for achieving the low mutual coupling will be 
investigated in the following text by inspecting the surface currents. 
 
  The simulated current flow and distribution at the resonant frequency is presented. 
Figure 4.14 depicts the close proximity slit-patch EBG structure effectively traps 
surface current around the end of slit-patch structure. The proposed slit-patch EBG 
structure improves the isolation between antennas and results in the sharp minimum in 
the S21 response. Furthermore, due to the simple geometry and the small footprint, 
this slit-patch EBG structure is advantageous for use in compact devices with a large 
number of electronic components installed on the ground plane.   
 
Figure 4.14 Current flow and distribution on the ground plane with one slit-patch 
EBG structure 
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  The radiation patterns of the antenna system at the resonant frequency were obtained 
from the simulation software. The radiation patterns in the presence of the slit-patch 
structure (Figure 4.15(b)) have been found to be only slightly different to the antenna 
system with a conventional ground plane (Figure 4.15(a)). The radiation pattern in the 
presence of the slit-patch structure is slightly more omni-directional (directivity of 
2.94dBi compared to 3.23dBi). The total efficiency of the original array structure at 
2.45GHz is about 65.4% and increases to 72.6% in the presence of the slit-patch 
structure.  
 
(a) 
 
(b) 
Figure 4.15 Simulated radiation patterns of (a) the original array configuration when 
printed monopole1 (the left element) is excited at 2.45GHz and (b) the antenna array 
in the presence of one slit-patch structure, when the same element is excited 
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  As presented in last section, by employing multiple double-layer slit-patch EBG 
structures, the bandwidth of S21 increases considerably as the number of slit-patch 
unit cells increase. Here, two identical proposed EBG structures are mounted on the 
ground plane. The separation between the two slits is 5mm. The distance between the 
two patch edges is 2mm. The other dimensions of the printed monopoles and slit-
patch EBG structure are exactly the same as before. The configuration and 
experimental prototype of the proposed antenna system are shown in Figure 4.16 
 
 
(a)                                                              (b) 
Figure 4.16 (a) The configuration and (b) Experimental model of the dual element 
antenna array with the two slit-patch EBG structure 
 
  The simulated and measured S-parameters of the two antenna array with two slit-
patch EBG structures are shown in Figure 4.17. As the entire antenna system is fully 
symmetric on the ground plane, the simulated antenna characteristics (S11 and S22) 
are basically same. The measured return loss of Antenna 1 is slightly different from 
Antenna 2. These minor discrepancies are due to fabrication imperfections in the 
manual soldering of the feeding ports. Nevertheless, at the resonance of the slit-patch 
(2.485GHz) both antennas are well matched (S11< -15 dB and S22 < -15 dB) and the 
mutual coupling drops to -30dB. The measured S21 between the antennas in the 
presence of two slit-patch structures is significantly reduced in comparison to the 
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initial structure. The bandwidth of antenna 1 and 2 (S11, S22) in both simulation and 
measurement are much better than the antenna array with one slit-patch EBG structure 
after employing one additional double-layer slit-patch unit cell on the ground plane. 
 
 
Figure 4.17 Simulated and measured S-parameters of printed monopole array with 
two slit-patch EBG structure 
 
  The correlation coefficient between the two antennas in the presence of the slit-patch 
EBG structures has also been calculated by using equation (2.9) [13]. All cases, 
namely the antenna array with one, two optimised slit-patch structures, and without 
the proposed structure are shown in Figure 4.18(a).  The correlation coefficient is 
significantly reduced, after the proposed slit-patch EBG structures are placed on the 
ground plane. The total efficiency of the antenna increases when the number of the 
slit-patch structures increase, as shown in Figure 4.18(b). Furthermore, based on the 
equation (3.2), the increased efficiency in the presence of the slit-patch EBG structure 
is due to the fact that the mutual coupling between two antennas is reduced, compared 
to the original array. 
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(a) 
 
(b) 
Figure 4.18 (a) Correlation coefficient between the two antennas (b) Total efficiency 
of the whole antenna system in the presence of multiple slit-patch structures 
 
  In the previous simulation experiments, the separation between the two antennas is 
only 14mm (0.11λ). This is a small spacing between two printed CPW-fed 
monopoles. In order to investigate the effect of the optimized slit-patch structures and 
produce maximum miniaturization of the antenna array, thereby occupying less space 
in a mobile terminal, the two-element printed monopoles are shifted with variable 
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interelement distance denoted by D (12mm, 8mm, and 6mm respectively) on the 
ground plane as shown in Figure 4.19. The simulated results (S11 and S21) 
corresponding to their locations have been displayed in Figure 4.20. With two 
antennas close to each other, the resonant frequency of the antenna (S11) has slightly 
shifted towards a lower frequency. All S21 are below -19dB around the desired 
frequency (2.49GHz) regardless of the alteration of interelement distance between the 
two printed monopoles. This result is encouraging since the proposed slit-patch EBG 
structure can significantly reduce the mutual coupling even if the two printed 
monopoles are very close to each other. 
 
Figure 4.19 The variable interelement separations (D) between two monopoles  
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(b) 
Figure 4.20 (a) S11 and (b) S21 of antenna array with various separations (D)  
 
  The prototype of the closely spaced antenna array (interelement distance D= 8mm) 
with the two slit-patch structures was fabricated and measured. The prototype and 
configuration of the proposed antenna system are shown in Figure 4.21. The 
simulated and measured S-parameters are shown in Figure 4.22. The measured 
bandwidth (-10dB) of antenna 1 and 2 are still much less than the simulation result. 
These minor discrepancies will be discussed below. Nevertheless, at the resonance of 
the slit-patch (2.4556GHz) both antennas are well matched (S11< -10 dB and S22 < -
10 dB). In comparison with the original position in Figure 4.17, the measured S21 
slightly increases to -23dB when the interelement distance (D) between the two 
antennas is 8mm. But it is noted that the area of antenna array has been miniaturized 
by employing the proposed slit-patch EBG structures, as compared to the original 
design. 
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and computer performance. The proposed complementary structure employs 
conducting patches in close proximity to the linear slit etched on the ground plane. 
The interelement distance between the two element layers is 0.055mm which requires 
a very small mesh to match the structure in simulation software, thus a lot of 
computer memory is necessary for the simulation. However, in the department 
laboratory, the computer cannot support such large amounts of data operation whilst 
maintaining accuracy. This situation causes the discrepancies whereby the measured 
antenna bandwidth is much less than the simulation result. 
   
4.5 UWB Planar Monopole with Slit-Patch Structure 
 
 
  As discussed in chapters three, the separation between the antenna elements should 
be more than a half wavelength to achieve a low mutual coupling between antennas. 
Either the PIFAs or the printed CPW monopoles which are presented in previous 
sections operate within a narrow frequency band. In order to demonstrate the 
electromagnetic properties of the proposed slit-patch EBG structure in a broader 
frequency band, a dual-element UWB (Ultra WideBand) planar monopole array has 
been proposed and studied in this section. The UWB technology has attracted much 
attention since the Federal Communications Commission (FCC) allowed the free 
license of the frequency spectrum 3.1-10.6GHz to UWB system at low power usage in 
2002 [14]. The UWB technology requires the bandwidth of antenna more than 
500 MHz or 20% of the center frequency. Planar UWB monopoles have been used for 
many applications for their attractive characteristics [15-17]. Nevertheless, they will 
produce significant surface current on the PCB which is particularly problematic in 
the case of UWB antennas printed on a compact ground plane [18]. The surface 
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current on the PCB will produce high mutual coupling between the antenna elements 
when multiple planar UWB monopoles are employed to form MIMO system.  
 
  In this section, the slit-patch EBG structure is proposed to suppress the surface 
currents on the ground plane and reduce the mutual coupling between two UWB 
planar monopole elements operating from 3GHz to 6GHz. 
        
Figure 4.24 One UWB monopole planar geometry 
 
  A UWB planar monopole is printed on a FR-4 substrate (1.5mm thickness) with a 
size of 60x50mmଶ. The relative permittivity of the FR-4 dielectric substrate is 4.5. 
The radiating element is fed by a coplanar waveguide (CPW) line of 1.3mm width. In 
order to facilitate fabrication, the UWB antenna and the coplanar waveguide line are 
printed on the same side of the substrate. In order to enhance bandwidth of square 
monopole antenna, a simple method is to remove the square sides close to the ground 
plane as shown in Figure 4.24 [19-20]. After the simulations, the dimensions of the 
antenna are optimized as 19mm length with two bevels (9݉݉ × 4.5݉݉) for all cases 
in this section. The simulated S11 of the UWB planar monopole is depicted in Figure 
4.25. The simulated bandwidth (-10dB) of antenna emerges at 2.238 GHz and extends 
up to 7GHz. This antenna, which agrees with the requirement of the UWB system, has 
136% fractional bandwidth and 4.762GHz absolute bandwidth.  
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Figure 4.25 Simulated S11 of the UWB planar monopole 
 
  Based on the configuration and dimensions of the single antenna element, a dual-
element UWB monopole planar array is also studied. The two antennas are placed on 
the proposed substrate with size of 60x50mmଶ . The separation between the two 
radiating elements is only 15mm. The dimensions and other relevant positions are the 
same as the single antenna element. A configuration and an experimental prototype of 
the proposed antenna system are shown in Figure 4.26.   
 
 
(a)                                                                 (b) 
 Figure 4.26 (a) The configuration and (b) Experimental model of the dual element 
antenna array  
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  The simulated and measured S-parameters of the dual-elements antenna array are 
shown in Figure 4.27. Due to the two antennas being completely symmetrical on the 
substrate, the simulated S11 and S22 are identical in operating frequency. In 
comparison to the single planar monopole, the simulated S11 and S22 slightly shift 
towards a higher frequency from 2.235GHz to 2.39GHz at the lower frequency range. 
It is caused by the high mutual coupling when two planar UWB antennas are closely 
packed on the compact substrate. The UWB monopoles have been fabricated as 
shown in Figure 4.26(b). The measured mutual coupling (S21) curves seem to retain 
their shape compared to the simulation results across the operating frequency band. 
However, the measured return loss of the antennas (S11 and S22) are different to the 
simulated results in some frequency bands. Nevertheless, both antennas are well 
matched (S11< -10 dB and S22 < -10 dB) across the operating frequency band from 3 
GHz to 6 GHz in both the simulated result and measured result. These discrepancies 
between simulated and measured results are caused by a large amount of surface 
current flowing back from the radiation elements to the coaxial cable and producing 
the secondary radiation when the two planar monopoles were placed close to each 
other [18].  
 
 
Figure 4.27 Simulated and measured S-parameters of the dual-elements antenna array 
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  The mutual coupling between two antenna array elements is more than -13dB across 
the whole operating frequency when the two antennas are 15mm apart on the 
substrate. In order to produce a significant reduction of the mutual coupling within the 
operating band, the relevant slit-patch EBG structure is proposed as a miniaturized 
element and inserted in the compact ground plane between the two planar monopoles. 
The dimensions of the antenna elements are exactly same as before. This slit-patch 
EBG structure is positioned at the middle of top edge of the ground plane. Figure 4.28 
shows the configuration and prototype of the proposed antenna system. After a series 
of simulations, the slit is optimized as 9.65 mm length and 1mm width. The 
conducting patch is of 3mm length and 1mm width. A prototype of the antenna array 
with one slit-patch EBG structure has been fabricated and measured. Figure 4.29 
depicts the simulated and measured S-parameters. After the double-layer slit-patch 
EBG structure was inserted in the ground plane, a minimum is obtained in the mutual 
coupling between the two antennas, at exactly 3.25GHz corresponding to the 
resonance of the slit-patch EBG structure. However, there is no any obvious reduction 
in the remaining operating frequency band. This is because one single slit-patch EBG 
structure is just able to reduce mutual coupling in a relatively narrow band not 
supporting a wide band. As next step, multiple slit-patch unit cells are proposed to 
increase the S21 bandwidth to cover the whole operation frequency band. 
 
 
    (a)                                                            (b) 
Figure 4.28(a) The configuration and (b) Experiment model of dual element antenna 
array and with one slit-patch structure 
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Figure 4.29 Simulated and measured S-parameters of the UWB planar monopole 
array with one slit-patch structure 
 
 
  The multiple double-layer slit-patch EBG structures have been shown to obtain a 
good isolation within a wider bandwidth in section 4.3. The mutual coupling is 
affected by the operating frequency because the electrical separation expressed as the 
number of wavelength between the antenna array elements changes significantly over 
the ultra-wide frequency band. The desired operating frequency band of the proposed 
UWB planar monopole is from 3GHz to 6 GHz not a narrow band. Therefore, it is a 
challenge to reduce the mutual coupling across the ultra-wide frequency band. 
Initially, two identical proposed slit-patch EBG structures are mounted on ground 
plane shown in Figure 4.30. The separation between the two slits is 6mm. The 
distance between the two patch edges is 3mm. The other dimensions of antenna 
system are same as before. A configuration and an experimental prototype of the 
proposed antenna system are shown in Figure 4.30. 
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(a)                                                             (b) 
Figure 4.30 (a) The configuration and (b) Experimental model of the dual element 
antenna array with two slit-patch structure 
 
 
  The simulated and measured S-parameters of the two antenna array with the two slit-
patch structure are shown in Figure 4.31. As the entire antenna system is fully 
symmetric, the simulated antenna characteristics (S11 and S22) are basically same. 
The measured return loss of Antenna 1 is slightly different to Antenna 2 in some 
frequency ranges. These minor discrepancies are due to fabrication imperfections in 
the manual soldering of the feeding ports. Nevertheless, both antennas are well 
matched (S11< -10 dB and S22 < -10 dB) across the whole operating frequency band 
from 3 to 6GHz. The measured S21 between the two antennas in the presence of the 
two slit-patch structures is significantly reduced in comparison to the initial structure 
in the low frequency range. Both simulated and measured bandwidths of S21 are 
much more than the antenna array with the one slit-patch structure as a result of 
employing an additional slit-patch EBG structures. However, there is no obvious 
reduction in the remaining operating frequency band. It cannot cover the whole 
operating frequency of the planar UWB monopoles.   
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Figure 4.31 Simulated and measured S-parameters of UWB planar monopole array 
with two slit-patch structure 
  
  Finally, three identical slit-patch EBG structures are mounted on the ground plane to 
improve the isolation between antenna elements across the entire operating frequency 
range of UWB monopole. The three slit-patch structures are arranged much closer, as 
shown in Figure 4.32(a). The spacing between the two slits is 2.1mm. The distance 
between the two conducting patch edges is 0.1mm. The other dimensions of the planar 
monopole are the same as before. A configuration and an experimental prototype of 
the antenna system are shown in Figure 4.32. 
 
(a)                                                         (b) 
Figure 4.32 (a) The configuration and (b) Experiment model of the dual element 
antenna array with three slit-patch structure 
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Figure 4.33 Simulated and measured S-parameters of UWB planar monopole array 
with three slit-patch structure 
 
  Figure 4.33 shows the simulated and measured S-parameters of the two UWB planar 
monopoles array with the three slit-path structures. The S21 of the new antenna 
system has an obvious reduction in the higher operation frequency band. The mutual 
coupling in both simulation and measurement are less than -15dB across the entirety 
of the operating frequency range. It is also worth gaining a better understanding of its 
mechanism by investigating the surface current density. As shown in Figure 4.34, a 
large portion of surface current is being trapped by the first slit next to the excited 
UWB monopole. When the current flows across the slit-patch structures, they are 
gradually weakening. Finally, less current succeeds in flowing across the slitted 
pattern from one antenna element to the other one. It makes less energy propagate 
between two UWB planar monopoles.  
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Figure 4.34 Current flow and distribution on the ground plane with three slit-patch 
structure at 3.5GHz 
 
  In the previous simulation experiments, the separation between the two radiating 
elements is 15mm. This is a small spacing between two planar monopoles. In order to 
investigate the effect of the slit-patch EBG structures and to produce the maximum 
reduction of the area of antenna array, thereby occupying very little space in a mobile 
terminal, the two-element UWB planar monopoles are shifted with variable 
interelement distance (D) (15mm, 7mm, and 1mm respectively) on the substrate. The 
simulated results (S11 and S21) corresponding to their locations have been displayed 
in Figure 4.35. With the separation between two antennas decreasing, the value of 
|S11| slightly decreases. However, the S11 is still below -10dB across the whole 
operation frequency range from 3GHz to 6GHz. Moreover, there is good isolation(less 
than -15dB) between the two antennas within the operating frequency, regardless of 
the alteration of the interelement distance between the two antennas. These results are 
encouraging since the slit-patch EBG structure can significantly reduce the mutual 
coupling even if the two printed monopoles are very close to each other. 
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(a) 
 
(b) 
Figure 4.35 (a) S11 and (b) S21 of the antenna array with various separations (D)  
 
  The design of a closely spaced antenna array with three slit-patch structures was 
fabricated and measured when the interelement distance (D) between two planar 
monopoles is 1mm. The configuration and prototype of the proposed antenna array 
are shown in Figure 4.36. 
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(a)                                     (b) 
Figure 4.36 (a) The configuration and (b) Experimental model of the dual element 
antenna array with three slit-patch structure when D is 1mm 
 
 
Figure 4.37 The simulated and measured S-parameters of the dual-element UWB 
monopole array with three slit-patch structure when D is 1mm  
 
  When the separation between the two antenna decreases to 1mm, the simulated and 
measured S-parameters are shown in Figure 4.37. The measured S11 and S22 are 
similar to the simulation result. Some minor discrepancies have been discussed above. 
Nevertheless, both antennas are well matched (S11< -10 dB and S22 < -10 dB) across 
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the whole operation frequency band. When the two UWB monopole array are very 
close to each other, the mutual coupling between antenna elements is over -10dB 
from3.37GHz to 4.35 GHz when the antenna system is employed with a convetional 
ground plane. The insertion of the three slit-patch EBG structures adds a transmission 
zero in the coupling coefficient between the antennas, reducing the S21 to values 
lower than -20dB across most of the operating frequency band of the UWB 
monopoles from 3.44GHz to 6.13GHz. Finally, the measured mutual coupling 
between the antennas in the proposed design is significantly reduced, as compared to 
the original design without slit-patch EBG structure. By employing the proposed slit-
patch EBG structures, the area of antenna array has gained significant reduction whilst 
maintaining the performance of the antenna system. The simulated surface current on 
the ground plane at the 3.5GHz is presented. In Figure 4.38, the three slit-patch EBG 
structure are able to trap most of current on the ground plane, even if the two planar 
monopoles are very close to each other. This is a clear indication the proposed slit-
patch EBG structure reduce the mutual coupling between two close spaced UWB 
antennas. 
  
 
Figure 4.38 Current flow and distribution on the ground with three slit-patch structure 
when D is 1mm 
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  The total efficiency has also been calculated from the simulated results by using 
equation (3.2). Figure 4.39 illustrates the simulated total efficiency with different 
numbers of slit-patch EBG structures. It is noted that the total efficiency is improved 
as the number of the slit-patch structures increase. It also clearly shows the 
characteristics of the slit-patch structures. The total efficiency of the antenna array 
with one slit-patch structure has an obvious improvement at the lower frequency band 
in comparison to the antenna system with a common ground plane. The total 
efficiency of the antenna array increases as the number of slit-patch structures 
increase. Meanwhile, the maximum of the total efficiency shifts to high frequency. 
After the separation between two planar monopoles reduce to 1mm, the total 
efficiency of antenna with a conventional ground plane has a significant reduction due 
to higher mutual coupling between antenna elements. The total efficiency has an 
obvious improvement across the operating frequency of antennas in the presence of 
the slit-patch EBG structures. 
 
 
Figure 4.39 the total efficiency of the whole antenna system in the presence of 
multiple slit-patch structures 
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4.6 Summary 
 
  This chapter presents the introduction of the slit-patch EBG structures and their 
transmission characteristics. The proposed structures are comprised of the simple 
geometry conducting elements. A parallel LC circuit description was used to provide a 
qualitative explanation for the performance of the proposed slit-patch EBG structure. 
The dimensions of the proposed structures are optimized to produce maximum 
miniaturization thereby occupying very little space on ground plane. A microstrip line 
excitation is initially employed for the analysis and design of the proposed double-
layer EBG structures. Simulated transmission response with different widths of 
conducting patch was presented. Multiple slit-patch EBG structures were studied to 
extend the bandwidth of the transmission response (S21).  
 
  A modified printed monopole and its dual-element antenna array are mounted on a 
compact substrate for wireless terminal devices operating around 2.44GHz. The 
proposed slit-patch EBG structures significantly reduce the mutual coupling between 
two antennas from -14dB to less than -30dB. Two identical slit-patch structures are 
presented to significantly reduce the correlation coefficient between the two antennas 
and improve the total efficiency of antenna. Although the proposed double-layer EBG 
structures have small footprint on the ground plane, they produce the transmission 
minimum around the antenna operating frequency regardless of the alteration of the 
interelement distance between the two monopoles (distance ≥8mm).  
 
  A dual-element UWB planar monopole array operating from 3GHz to 6GHz has 
been investigated with the slit-patch EBG structures. An isolation of better than 15dB 
between the two antenna array elements has been obtained across the entirety of the 
operation frequency range by employing three slit-patch EBG structures. When the 
separation of two UWB planar monopole array reduces to 1mm, a significant 
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reduction of mutual coupling between the antenna elements was achieved by 
employing the proposed slit-patch EBG structures. This further confirms that the 
design of the miniaturized double-layer slit-patch EBG structures can produce a 
reduction of the mutual coupling between antenna elements and also lead to the 
maximum reduction of the area of antenna array. 
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Chapter 5 
Convoluted Slit and Conducting Patch on 
Mobile Terminals 
 
 
 
 
 
5.1 Introduction 
 
 
  The novel miniaturized Complementary Metallodielectric Electromagnetic Band 
Gap (CMEBG) structure has been presented to suppress surface wave propagation and 
to offer a small structural footprint thereby occupying very little space on a compact 
ground plane [1-5]. The simulated and measured results demonstrated that the design 
of the novel miniaturised double-layer slit-patch EBG structures efficiently reduce the 
mutual coupling between antenna elements in Chapter 4. The proposed slit-patch 
EBG structure comprised of linear slits and conducting patches has been investigated 
with a dual-element CPW-fed printed monopole array and a dual-element UWB 
planar monopole array. These two kinds of antennas have been widely used as 
separate antenna modules for compact wireless devices. However, when the slit-patch 
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EBG structure is employed for a handheld device, it can still be viewed as impractical 
for many realistic designs because the linear slits will occupy a large part of the 
ground plane. Therefore, a new structure which employs miniaturized convoluted slits 
(instead of the linear slits) in conjunction with closely coupled patches is proposed for 
compact mobile phones. The proposed structure places one layer of conducting 
patches in close proximity to the existing convoluted slits etched on the ground plane 
for producing maximum electric fields and coupling between them. As discussed in 
Chapter 4, the effective electrical length of the slit-patch EBG structure increases, due 
to the strong coupling between two layers elements, resulting in the resonant 
frequency of the slit-patch structure decreasing [3, 6]. 
 
  In order to further miniaturise the dimension of the convoluted slits, the conducting 
patches are placed in close proximity to the convoluted slits. As discussed in Chapter 
four, the resonant frequency of the double layer slit-patch structures is very sensitive 
because of the strong coupling in the separation region between two layers. Therefore, 
we initially use a microstrip line excitation as a more efficient way, compared to any 
complex antenna array, for analysing the stop-band/band gap properties of the 
proposed slit-patch structures and hence optimise their geometries. Due to the 
conducting patch being in close proximity to the convoluted slits, resulting in the high 
capacitance of the slit-patch structure [7], the cut-off frequency and the absolute 
bandwidth decrease, as presented in Chapter four. In order to overcome this limitation 
and obtain much more bandwidth, multiple identical double-layer slit-patch EBG 
structures are employed to enhance the bandwidth. A dual-element PIFA antenna 
array operating at 1.9GHz is subsequently employed to investigate the property of the 
slit-patch EBG structure comprising convoluted slits and conducting patches. Two 
prototypes of the dual-element antenna array with the proposed slit-patch structures 
were fabricated. Measurements are in good agreement with simulated results, and 
verify that the optimised slit-patch EBG structures significantly reduce the mutual 
coupling between closely spaced PIFAs. 
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5.2 Double Layer Convoluted Slit-Patch Design 
   
  The proposed slit-patch EBG structure is shown in Figure 5.1. As discussed in 
Chapter four, the key design parameter of the proposed structures is the coupling of 
the evanescent fields within the dielectric region separating the two arrays of slits and 
patches respectively. The conducting patches and aperture slits are placed on either 
side of a very thin (55μm) dielectric layer. In Chapter four, the slit-patch EBG 
structures comprising linear slits and conducting patches have succeeded in shifting 
the band gap towards lower frequency. For applications relevant to handset device, 
new slit-patch EBG structure which consists of convoluted slits and conducting 
patches will be studied in this chapter.  
 
  In Figure 5.1, a 50Ω microstrip line is printed on a thin polyester dielectric sheet 
(εr=3) and placed at the top of a rectangular grounded substrate. A convoluted slit is 
etched on the ground plane. Another thin dielectric sheet (0.055 mm thickness, εr=3) 
underneath the ground plane supports the conducting patches.  
 
Figure 5.1 Configuration of the slit-patch EBG structure 
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  The new slit-patch EBG structure is depicted in Figure 5.2 The microstrip line is 
mounted on a 100mm×40mm, 1.55mm thick, FR-4 dielectric substrate (εr=4.5) 
backed by a copper ground plane. The convoluted shaped slit is etched close to the 
bottom edge of the ground plane. The dimensions of the slit were optimised in order 
to resonate around 1.65GHz. The final geometry of the slit is defined as L1=6mm, 
L2=14mm, L3=5mm, L4=10mm, and the slit width is 1.61mm. A double-layer slit-
patch EBG structure is implemented, as shown in Figure 5.3. In order to evaluate the 
specifications of the double layer convoluted slit-patch structure, a series of studies 
are performed. The first parametric study is to observe the effect of the proposed 
structures. The simulated transmission response (S21) was shown in Figure 5.4. After 
one thin conducting patch (15.5mm length and 0.5mm width) is printed on the 
convoluted silt, the centre of band gap shifts to a lower frequency (from 1.65GHz to 
1.375GHz). And the absolute bandwidth (-10dB) of S21 decreased from 110 MHz to 
60MHz. These simulated results are in agreement with the predicated on the circuits 
analysis presented in section 4.2.  
 
Figure 5.2 Single convoluted slit excited by a microstrip line 
 
 
Figure 5.3 Geometry of one convoluted slit-patch EBG structure 
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Figure 5.4 Simulated S21 with and without a conducting patch 
 
  As discussed in chapter 4, with the overlapping area enlarging, the capacitance of the 
slit-patch EBG structure increases. The reduction of band-gap frequency and 
bandwidth ensues. On the basis of keeping the resonant frequency of the slit-patch 
EBG structure around the desired operating frequency of the antenna, the area of the 
convoluted slit on ground plane could be reduced by increasing the width of the 
conducting patch. It will take up less valuable area on the PCB and avoid affecting the 
other electronic components installed on ground plane. The second study is the 
alteration of the conducting patch width for enlarging the overlapping area. It will 
directly increase the capacitance of the slit-patch structure. Figure 5.5 presents the 
simulated transmission response (S21) of the proposed structure accompanied by the 
alteration of the conducting patch width. The length of the conducting patch is defined 
as 15.5mm which is slightly longer than the convoluted slit for all geometries. When 
the width of the conducting patch increases from 0.25mm to 1mm, the center of the 
band gap shifts from 1.43GHz to 1.25GHz shown in Figure 5.5. In this way, the size 
of the convoluted slit could be reduced by increasing the width of the conducting 
patch. As a result, the slit-patch EBG structure will occupy a small footprint near the 
edge of the ground plane which is advantageous for utilisation in of compact handset 
devices with a large number of electronic components installed on the ground plane.    
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Figure 5.5 Simulated S21 with different width of conducting patch 
 
  Although the band gap shifts towards a lower frequency with increasing the overlap 
area of the slit-patch structure, the absolute bandwidth also decreases too. In order to 
overcome this limitation, two identical slit-patch structures are employed to obtain the 
desirable bandwidth, as shown in Figure 5.6. The actual size of the slit-patch EBG 
structure is the same as the single one. Figure 5.7 illustrates a comparison of 
simulated data (S21) for one and two slit-patch EBG structures respectively. When the 
number of the proposed EBG structures increased, the cut-off frequency of the band 
gap slightly decreased. However it is evident that the bandwidth increases 
considerably after employing two slit-patch unit cells. The bandwidth (-10dB) of two 
slit-patch structures is about double when compared to one slit-patch EBG structure. 
These simulated results are encouraging since the proposed slit-patch EBG structure 
supports an expected broader band with increasing the number of slit-patch structures.  
 
Figure 5.6 Two identical slit-patch EBG structures on the ground plane 
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Figure 5.7 Simulated S21 with multiple double-layer slit-patch structures 
 
5.3 Decoupling PIFAs on Compact Ground Plane 
 
 
  In the previous section, the proposed slit-patch structures have succeeded in shifting 
the band gap towards lower frequency with increasing the width of the conducting 
patch. Multiple identical slit-patch EBG structures were employed to extend the 
bandwidth of the transmission response. In order to evaluate the adaptability of the 
proposed slit-patch EBG structures, this structure is further studied for application 
with a PIFA array. A dual-element PIFA array is mounted on a 100×40mmଶ, 1.2 mm 
thick, FR-4 dielectric substrate (εr=4.5) backed by a common ground plane. The two 
PIFA elements are designed to operate at approximately 1.9GHz. The mutual coupling 
between two PIFA elements which are approximately a half-wavelength apart is about 
-10dB at the resonant frequency. The two-element PIFA array configuration with two 
convoluted slits is shown in Figure 5.8(a). The slit dimensions are L1=6mm, 
L2=14mm, L3=5mm, L4=10mm, and the slit width is 1.62mm. The coupling between 
the two array elements was simulated to be S21= -27 dB at 1.92GHz in Figure. 5.9.  
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Figure 5.8 Two-element PIFA array with (a) two convoluted slits (b) two convoluted 
slit-patch structures 
 
Figure 5.9 Simulated S-parameters of the PIFA array 
 with two convoluted slits on ground plane 
 
  By placing the layer of conducting patches in close proximity to the convoluted slits, 
when the width (W) of the conducting patch increases from 0.25mm to 1mm, the 
minimum of S21shifts to lower frequency region (from 1.72GHz to 1.54GHz), as in 
Figure 5.10(b). But the simulated S11 remains around 1.9GHz as shown in Figure 
5.10(a). In order to make the resonance of the slit-patch structure match the antenna’s 
operating frequency, the dimension of the convoluted slit is decreased. After a series 
of simulations, the width of the slits was optimized as 1mm, with L1=4mm, 
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L2=10.7mm, L3=3mm, L4=8.5mm as shown in Figure 5.8(b). This new structure 
occupies just half the area of the convoluted slits on their own (no patch). The 
conducting patch is optimized as 15.5mm length and 0.5mm width. A sharp 
transmission minimum is obtained at 1.86GHz with the S21 reduced to -27dB, as 
shown in Figure 5.11. Both antennas remain well matched at the frequency where the 
slit-patch structure resonates. 
 
(a) 
 
(b) 
Figure 5.10 Simulated (a) S11 and (b) S21 of the PIFA array  
with the different width of slit-patch  
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Figure 5.11 Simulated S-parameters of the PIFA array with the slit-patch on the 
ground plane 
 
  As expected, the bandwidth (-15dB) of mutual coupling (S21) between two PIFAs 
drastically decreases from 0.102GHz to 0.038GHz when placing the conducting patch 
on the existing convoluted slits. Four identical slit-patch unit cells are mounted on the 
ground plane to obtain much more bandwidth, as shown in Figure 5.12. The 
separation between the two slits is 10.25mm. The distance between the two patch 
edges is 5mm. The other dimensions of the slit-patch EBG structures are exactly the 
same as before.  
 
Figure 5.12 Two-element PIFA array with four convoluted slit-patch structures 
 
  The simulated S-parameter of the antenna array with four convoluted slit-patch 
structures is presented in Figure 5.13. The band gap (-15dB) of S21 emerges at 
1.88GHz and extends to 1.938GHz. It produces an absolute bandwidth of 0.058GHz. 
Like the discussions presented in Chapter four, the simulated bandwidth of the 
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double-layer structure is always different to the measured result, due to the limitation 
of the CST software and the computer resource. The measured results are presented 
below. 
 
Figure 5.13 Simulated S-parameters of the PIFA array with four slit-patch structures 
 
  The correlation coefficient between the two antennas in the presence of the slit-patch 
structures has also been calculated by using equation (2.9) [8]. The correlation 
coefficient of all cases, namely the antenna array with two and four optimized slit-
patch structures, is presented in Figure 5.14. The correlation coefficient is 
significantly reduced, after the proposed slit-patch EBG structures are placed on the 
ground plane. 
 
Figure 5.14 Correlation coefficient for two and four Slit-patch EBG structures 
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  Based on the optimised simulated configurations, two prototypes of the dual-element 
antenna array with the proposed slit-patch structures were fabricated and measured in 
the laboratory at Loughborough University, as shown in Figure 5.15. An anritsu 
37000D vector network analyzer recorded the S-Parameters data from the prototypes. 
 
(a) 
 
(b) 
Figure 5.15 Photograph of the prototype PIFAs with(a) two slit-patch structures (b) 
four slit-patch structures on the ground plane 
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(b) 
Figure 5.16 Measured S-parameters for a PIFA array (a) with two slit-patch structures, 
and (b) with four slit-patch structures 
 
  The measured S-parameter with two slit-patch structures on the ground plane is 
shown in Figure 5.16(a). The centre resonant frequencies of the PIFAs are at 
1.88GHz, which is 0.01GHz higher than the simulated one (1.87GHz). These minor 
discrepancies between simulated and measured results are due to multiple factors, 
such as the cable connection, the bending of materials, and the construction technique 
of the prototype. The measured -15dB bandwidth (55MHz) is slightly wider than the 
simulated result (50MHz). Figure 5.16(b) illustrates the measured S-parameter with 
four slit-patch structures. The antenna resonances are also slightly shifted with respect 
to the simulations. Nevertheless, at the resonance of the slit-patch structures (1.9GHz) 
both antennas are matched (S11< -10 dB and S22 < -10 dB). Furthermore, the value 
of measured S21 in the presence of four slit-patch structures is reduced in comparison 
to the initial antenna system which employs two slit-patch EBG structures. And, the 
measured bandwidth (-15dB) of S21 increases to 140MHz, which is much more than 
the PIFA array with two slit-patch EBG structures. 
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5.4 Summary 
 
  This chapter presented a new slit-patch EBG structure and its transmission 
characteristics. The proposed structure consists of two closely coupled layers, one 
made of conducting patches and the other made of convoluted slits on a common 
ground plane. Simulations of the transmission response with different conducting 
patch widths were presented. Multiple slit-patch EBG structures were proposed to 
extend the bandwidth of the transmission response.   
   
  The designs of new slit-patch EBG structures significantly reduced the mutual 
coupling between two PIFAs operating at 1.9GHz from -10dB to less than -20dB. The 
dimensions of the proposed structures are optimized to produce maximum 
miniaturization of the convoluted slits thereby occupying less area on the compact 
ground plane. Simulations for different widths of conducting patches were presented. 
Four identical slit-patch structures are employed to reduce the correlation coefficient 
between the two PIFAs and extend the bandwidth of S21. Two prototypes of antenna 
array with two and four slit-patch structures have been fabricated and measured to 
experimentally validate the proposed design. Good agreement was presented between 
the measurements and simulations.  
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Chapter 6 
Conclusions and Future Work 
 
 
 
 
6.1 Conclusions 
 
 
  MIMO systems have shown a remarkable performance for increasing the channel 
capacity without additional radio spectrum.  The data transmission rate, reliability and 
coverage of the MIMO system has been significantly improved by introducing 
diversity techniques and space-time coding. MIMO technologies have been 
implemented in the 3G and 4G communication systems. Multiple antenna elements 
are employed at both transmitters and receivers to form a MIMO system. However, 
the mutual coupling between antenna array elements is still a daunting challenge 
when the MIMO system is implemented into compact wireless terminal.  The high 
mutual coupling will degrade the performance of the antenna array and affects the 
channel capacity. In order to solve this important problem in the design and 
implementation of multiple antenna terminal, novel structures for reducing the 
electromagnetic coupling between closely packed antennas have been presented in 
this thesis. 
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  Initially, a modified PIFA and its dual-element array placed on a common ground 
plane were proposed and optimized for a small mobile terminal operating at 1.9GHz. 
Although the distribution of the antenna array had been optimized, the mutual 
coupling was still over -10dB at the resonance of antennas. The proposed structure 
was based on the insertion of two coupled linear slits on the ground plane between the 
antennas. After the length of the slit and the distance between them has been 
optimized, a transmission zero (S21<-20dB) is introduced in the coupling path 
between the two antennas, reducing the electromagnetic coupling between them to 
particularly low values. 
 
  In order to take up less space on the ground plane, two miniaturized convoluted slits 
are presented. Although the proposed slits have a small footprint and are positioned 
close to the edges of the ground plane thereby occupying very little space, there is 
very little current flowing across the space between the two convoluted slits. A 
transmission minimum was obtained by virtue of the resonance of the slits resulting in 
a significant reduction of the mutual coupling across the operating frequency of the 
antennas. The miniaturized convoluted slits etched on the ground plane also 
succeeded in reducing the coupling of the human body (head and hand) to the 
antennas when the mobile phone was being held by a user’s hand. A single 
miniaturized convoluted slit was etched between the two very close spaced PIFAs and 
close to the short edge of the ground plane of handheld devices. Although occupying 
very little space on the ground plane, the single convoluted slit trapped a large portion 
of the surface current excited from the PIFAs, and significantly reduced the mutual 
coupling across the operating frequency of the antennas.  
 
  To further reduce the area of the slits on the ground plane, a double-layer slit-patch 
EBG structure was introduced and its transmission characteristics were studied. These 
structures consisted of two closely coupled layers, one made of conducting patches 
and another made of linear slits. They were placed in very close proximity to each 
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other (55μm) with a rotation of 90଴  between the elements to produce maximum 
coupling. A microstrip line excitation was initially employed for the efficient analysis 
and design of the proposed double-layer structures. Simulated transmission response 
with different widths of conducting patch was presented. Multiple slit-patch structures 
were studied to extend the bandwidth of the transmission response.  
 
  A modified printed CPW-fed monopole and its dual-element antenna array were 
mounted on a compact substrate for a wireless terminal device operating around 
2.44GHz. The proposed slit-patch EBG structures significantly reduced the mutual 
coupling between the two antennas from -14dB to less than -30dB. Two identical slit-
patch structures were presented to reduce the correlation coefficient between the two 
antennas and improve the total efficiency of antenna array. Although the proposed 
double-layer EBG structures have small footprint on the ground plane, they produce 
the transmission minimum around the antenna operating frequency regardless of the 
alteration of the interelement distance between the two monopoles (distance ≥8mm). 
 
  A dual-element UWB planar monopole array operating from 3GHz to 6GHz has 
been investigated with the slit-patch EBG structures. An isolation of better than 15dB 
between the two antenna array elements has been obtained across the entirety of the 
operation frequency range by employing three slit-patch EBG structures. When the 
separation of two UWB planar monopole array reduces to 1mm, a significant 
reduction of mutual coupling between the antenna elements was achieved by 
employing the proposed slit-patch EBG structures. This further confirms that the 
design of the miniaturized double-layer slit-patch EBG structures can produce a 
reduction of the mutual coupling between antenna elements and also lead to the 
maximum reduction of the area of antenna array. 
 
  Likewise, the new double-layer slit-patch EBG structures applied to the convoluted 
slits. Simulations of the transmission response (S21) with different widths of 
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conductor patch were presented. Multiple slit-patch EBG structures were employed to 
extend the bandwidth of the transmission response. The dimensions of the proposed 
structures are optimised to produce maximum miniaturization of the convoluted slits 
thereby occupying less area on a compact ground plane. Two identical slit-patch 
structures significantly reduced the mutual coupling between two PIFAs operating at 
1.9GHz from -10dB to less than -20dB. After that, four identical slit-patch structures 
are employed to reduce the correlation coefficient between the two PIFAs and extend 
the bandwidth of S21.  
 
6.2 Future Work 
 
 
  Future research on the topic of this thesis could include the following: 
 
 In this project, all the MIMO systems employed two antenna elements at the 
wireless terminal end. They are restricted to the tight space available in 
compact terminal devices. But more antenna elements could be employed for 
some larger wireless devices such as laptop, pack radio section and PDA. A 
new antenna array (4 x 4 MIMO system) could be proposed and optimised by 
using either the simulations and real practice. 
 
 In this project, PIFA, printed monopole and UWB antenna have been 
implemented to investigate the proposed single-layer and double-layer 
structures for compact wireless terminals. New types of antennas (dipoles and 
monopoles) could be studied for wireless routers and base stations. 
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 As shown in the Chapter three, the effect of the human body to the 
performance of the antenna array has been presented in simulation. The 
prototypes of the model of the human body could be fabricated and measured 
for different positions. 
 
 Designs of multiple multi-band antennas integrated with the proposed slit-
patch structures could be carried out to reduce the mutual coupling between 
antenna array elements. 
 
 A MIMO channel model in indoor environment could be established to 
evaluate the channel capacities of the different antenna arrays integrated with 
the different structures such as: the defected ground structures and the double-
layer slit-patch EBG structures. 
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Appendix 
Wheeler-Cap Method for measuring antenna efficiency 
 
 
  The antenna radiation efficiency is an important parameter which describes the ratio 
of the radiated power to the input power. A high efficiency means more power 
radiated from antenna.  A low efficiency shows that a lot of the power was absorbed 
as losses. The radiation efficiency ߟ௥௔ௗ	 represents the losses associated within an 
antenna. It can be calculated as: 
ߟ௥௔ௗ = ௉ೝೌ೏௉೔೙                                                    (a.1) 
The total efficiency ߟ௧௢௧௔௟	could be calculated from the radiation efficiency and the 
S-parameters: 
η௧௢௧	=	η௥௔ௗ(1-|ܵଶଵ|ଶ − | ଵܵଵ|ଶ)                            (a.2) 
  One method named as the Wheeler-Cap has become the standard for measuring the 
antenna efficiency because of its repeatability, simple implementation, accuracy and 
minimum of data analysis [1, 2]. This method determines the input power as the 
radiated power ௥ܲ௔ௗ	and losses power   ௟ܲ௢௦௦௘௦. The powers could be modeled as the 
radiation resistance ܴ௥௔ௗ  and the loss resistanceܴ௟௢௦௦௘௦. The Wheeler-Cap method 
introduces two controlled environments: the proposed antenna in: free space and a 
closed cap as shown in Figure A.1 below. The equivalent circuits are described using 
the principle of Wheeler-Cap method. When the antenna is placed in the free space, 
Rଵis measured as the sum of  R୰ୟୢ and R୪୭ୱୱୣୱ[3]. When the antenna is placed in a 
metallic cap, the Rଶ is measured as the ܴ௟௢௦௦௘௦. In this way, the antenna efficiency 
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could be obtained from simple laboratory equipment [4]. 
 
ߟ௥௔ௗ = ௉ೝೌ೏௉೔೙ =
௉ೝೌ೏
௉ೝೌ೏ା௉೗೚ೞೞ೐ೞ =
ோೝೌ೏
ோೝೌ೏ାோ೗೚ೞೞ೐ೞ =
ோభିோమ
ோభ                   (a.3) 
 
 
Figure A.1 The Wheeler-Cap method and the equivalent circuit [3] 
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